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THE MICROBIAL ECOLOGY OF SULFUR TRANSFORMATIONS
IN OYSTER POND, WOODS HOLE, MASSACHUSETTS
by
FRANK W. BARVENIK
Oyster Pond is a small eutrophic coastal pond near 
Woods Hole, Massachusetts. The combined effects of a halo- 
cline and a summer thermocline lead to a stable stratified 
aquatic environment, containing sulfide and other reduced 
sulfur compounds in the hypolimnion.
The distribution of sulfate and sulfide in the water 
column suggests that the primary source of sulfide is dis­
similatory sulfate-reduction. This conclusion is supported 
by enumeration results for dissimilatory and non.-specific 
sulfate-reducing bacteria in the water column and in the 
sediment.
During the middle of the summer there is a net 
deposition of sulfides from the hypolimnion into the sedi­
ment. The resultant black muds contain an abundance of pyrite
xv
in addition to acid-soluble and water-soluble sulfides.
As determined using S3^-sulfide, most of the oxida­
tion of sulfide in the metalimnion is due to abiotic reactions, 
but photosynthetic and non-photosynthetic biological oxida­
tion occurs as well. Soluble sulfur species, such as sul­
fite and thiosulfate, are important intermediates in the 
abiotic oxidation of sulfide.
Light and dark C02 fixation was determined using C3-^-
bicarbonate. Most primary productivity occurs in the epilim-
7
nion. A massive bloom of Chlorobium, as many as 5 x 10 
cells/ml, occurs near the top of the sulfide zone in the 
siammer. This photo synthetic flora accounts for CO2  fixation 
of 10-30 mg C/m3/hr and sulfide oxidation up to 4 mg S/liter/day.
A variety of non-photosynthetic sulfide-oxidizing 
microorganisms occur in the metalimnion. These organisms 
are responsible for oxidizing up to 4.5 mg sulfide-S/liter/day.
A diverse flora of dark CO2  fixing microorganisms is also 
present in this zone, fixing 18-27 mg C/m3/hr during the 
summer.
Thiobacilli are present in the upper part of the sul­
fide zone. The maximum MPN of Thiobacillus thioparus was 
4900/100 ml, whereas fewer of T. thiooxidans and T. denitri- 
ficans were observed. In terms of total numbers, dark C02 
fixation, and sulfide oxidation, thiobacilli play a relatively 
minor role in this zone.
xvi
1INTRODUCTION
Stratified aquatic ecosystems are suitable environ­
ments for the study of the natural sulfur cycle. The strati­
fication of the water column, induced by vertical variations 
in salinity and temperature, has the effect of separating 
the hypolimnion from the freely circulating epilimnion. The 
hypolimnion can become a nutrient trap, and high concentra­
tions of reduced sulfur compounds may accumulate near the 
bottom.
Aspects of the limnology and biogeochemistry of 
Oyster Pond have been studied by K. 0. Emery and a number of 
other investigators from the Woods Hole Oceanographic Insti­
tution and the Marine Biological Laboratory. Its small size, 
convenience to laboratory facilities, and similarity to other 
coastal ponds, meromictic lakes, and anoxic marine basins 
such as the Black Sea and the fjords, make it an ideal environ­
ment for investigation.
It had been hypothesized by Egounov in 189 8 that an 
intense flora of sulfur bacteria would occur in a thin layer 
near the top of the sulfide-containing zone of stratified 
aquatic environments. Conflicting reports have appeared in 
the literature regarding the occurrence, species composition, 
chemolithotrophic productivity, and sulfide oxidation of 
such a microbial enrichment.
The purposes of this investigation have been: 1.
determine whether an enrichment of thiobacilli and other
2sulfur bacteria occurs at intermediate depths of Oyster 
Pond; 2. establish the physical, chemical, and biological 
conditions which lead to this enrichment; 3. evaluate the 
role of this flora of sulfur bacteria in terms of produc­
tivity;^. "determine the relative importance of biological 
and non-biological oxidation of sulfide; 5. determine the 
distribution and roles of various other microorganisms 
active in oxidizing and reducing sulfur compounds; 6. 
evaluate some aspects of the sulfur economy of the water 
column and sediments of Oyster Pond. Hopefully, this inves­
tigation will serve to clarify some of the quantitative 




Principles and Examples of Aquatic Stratification
A stable stratified aquatic environment has an 
inherent resistance to mixing. This is due to a density 
difference (pycnocline) and work is required to mix the 
overlying lighter water with the underlying heavier water 
(Vallentyne, 1957; Harvey, 1963). In most freshwater lakes, 
the density stratification is due to a thermal difference 
between the surface waters and the deeper waters.
The prime reason for the thermal stratification is 
absorption of solar radiation at the surface (Ruttner, 1966) . 
Wind-driven and other currents mix the heated water with 
cooler water from below (Vallentyne, 1957) . This mixing, 
however, does not necessarily extend to the greatest depth. 
Depending on the local wind conditions, the degree of solar 
heating, the surrounding topography of the land, and the 
morphometry of the lake basin, a lake may achieve a charac­
teristic thermal structure. The upper region of fairly 
uniformly warm, circulating water is known as the epilimnion, 
while cold, relatively undisturbed region below is known as 
the hypolimnion. The thermocline, or area of maximum tem­
perature difference, lies between. This intermediate layer 
is also known as the metalimnion or the discontinuity layer 
(Hutchinson, 1957) .
Most lakes in temperate latitudes, in which the 
stratification is primarily due to a thermocline, are not 
permanently stratified. Complete circulation occurs at
least once a year; such a lake is called holomictic. Typical 
temperate lakes are uniformly cold in the early spring; at 
this time free circulation occurs. Then, as solar heating 
becomes more intense, a summer thermocline results. In the 
autumn, solar heating decreases, heat loss takes place 
primarily through radiation, and wind driven mixing inten­
sifies, resulting in a fall circulation period. During the 
winter, ice may form on the surface, and the surface is 
colder than the rest of the lake (Hutchinson, 1957; Vallentyne, 
1957; Ruttner, 1966).
Some lakes, however, are permanently stratified; such 
lakes are called meromictic. Even during the spring and 
fall when the temperature of the water column may be practically 
uniform, complete circulation does not occur. The deep stag­
nant waters are known as the monimolimnion while the over- 
lying portion, in which circulation occurs periodically, is 
known as the mixolimnion. In most such lakes, the stability 
is due to increased content of dissolved salts in the moni­
molimnion. Thus, there is an intermediate layer with a 
density difference due to a salt gradient; such a layer is 
known as a halocline or a chemocline (Hutchinson, 1957; 
Vallentyne, 1957; Ruttner, 1966).
Meromixis can be due to a number of mechanisms. An 
ectogenic meromictic lake is one in which the halocline is 
caused by the catastrophic entrance of freshwater into a 
saline lake or salt water into a freshwater lake. Crenogenic 
meromixis is caused by the delivery of dense water from
5saline springs into the depths of a lake. Biogenic meromixis 
is due to the accumulation in the monimolimnion of sedimentary 
salts, thought to be released as a result of biological acti­
vity, either direct of indirect (Hutchinson, 195?).
An excellent example of a meromictic lake is Green 
Lake in Fayetteville, New York (Eggleton, 1956; Deevey, et 
al., 1963). This lake is only 3/4 miles long yet it has a 
depth of 59 m. It is protected from the wind by surrounding 
hills. The fact that the volume of outlet is much greater 
than the volume of the inlet implies the existence of sub­
surface springs, inlets, or seepages. This conclusion is 
also supported by the stratification of electrolytes; the 
conductivity is considerably higher in the monimolimnion 
than in the epilimnion. The waters contain a relatively 
high content of sulfate and carbonate. The result is that 
water below 20 m is permanently stagnant.
This lake illustrates one of the most important 
ramifications of meromictic lakes. The surface waters are 
well oxygenated while the bottom waters are permanently 
anoxic and contain up to 39.4 ppm sulfide (Deevey, et al., 
1963). Holomictic lakes, especially the more productive 
ones, often develop anoxia in their hypolimnions as well, 
but this condition typically disappears during the periods 
of circulation; there are many examples of lakes of this 
type (Hutchinson, 1957; Ruttner, 1966). The mechanisms 
responsible for the development of anoxic conditions will be 
discussed below.
6Marine waters are stratified as well. In tropical 
latitudes a permanent thermocline may be present at a depth 
below 100 m. Summer thermoclines are also present at depths 
of 10-50 m in the temperate latitudes. The surface water 
temperature in broad areas of the oceans often exceeds 27 C 
and higher temperatures are found in localized environments; 
the depths of the oceans, on the other hand, have tempera­
tures below 4 C (Harvey, 1963) .
According to Harvey (1963) , the reduced eddy viscosity 
of the thermocline favors horizontal transport of the separated 
water masses. This often results in a change in salinity at 
the thermocline. In high latitudes, especially in areas of 
high run-off from the continents and from melting ice, the 
salinity of the upper part of the water column is lower than 
that in the deeper waters. The salinity in the upper layers 
in lower latitudes is usually greater than that in the deeper 
waters; this is primarily due to evaporation at the surface 
(Harvey, 1963).
In spite of their stratification, the deep waters of 
the oceans can hardly be called stagnant (Bowden, 1965) .
Strong circulation patterns exist in the world's oceans and 
there are areas where vertical transport (upwelling and 
convection) occur. In addition, turbulent mixing takes 
place. These processes replenish the depths with oxygenated 
water (Harvey, 1963).
There are broad areas of semi-tropical oceans, on 
the other hand, where an oxygen-minimum layer is found at 
intermediate depths. Oxygen concentrations lower than one
7ppm are common in this zone. The oxygen minimum layer is 
thoroughly discussed by Harvey (1963) and Richards (1965).
In certain semi-enclosed basins, where circulatory 
processes are restricted, anoxic conditions are found; such 
basins are typically separated from the sea by a relatively 
shallow sill. The density stratification may be due to a 
thermocline, a halocline or both.
There are a few tropical basins which are anoxic due 
entirely to the intense permanent thermocline. An example 
is the Cariaco Trench, a 1400 m deep depression in the con­
tinental shelf north of Venezuela (Richards and Vaccaro,
1956) . The sill depth is 150 m and the water is anoxic below 
375 m. Sulfide concentrations near the bottom are less than 
one ppm. The adjacent Gulf of Cariaco is intermittently 
anoxic (Richards, 1965). Another example of a permanently 
anoxic basin of this type is Kaoe Bay, Indonesia (Richards, 
1965) .
There are a number of offshore basins in which the 
circulation is limited due to the sill depth and the thermo­
cline. These basins, such as those off the southern California 
coast and those in the Gulf of California, though not com­
pletely anoxic, have considerably reduced oxygen concentra­
tions in their bottom waters (Emery and Rittenberg, 1952; 
Berner, 1964a) .
Anoxic estuaries are most common in temperate regions 
where precipitation is heavy. In most estuaries, seawater 
is diluted by the entering freshwater, and there is a salinity 
gradient between the head and the mouth (Harvey, 1963) . An
8intense vertical halocline is known to be present in a num­
ber of less typical estuaries.
The most extreme examples are the fjords, which are 
found along the coasts of northern Eurasia, northern North 
America, and southern South America (Strom, 1939; Richards, 
1965) . A fjord has been defined as "an elongated indenture 
of the coast line containing a relatively deep basin with a 
shallow sill at the mouth" (Saelen, 1967) . It is generally 
thought that they were carved by an advancing glacier from an 
existing valley and the sill may consist of unconsolidated 
glacial till.
Lake Nitinat, a fjord on Vancouver Island, British 
Columbia, has been extensively studied (Richards, 1965; 
Richards, et ad., 1965). Whereas it has an effective sill 
depth of only 4 m, the maximum depth is 210 m. A strong 
halocline exists above 20 m and the salinity of the bottom 
water is in the range of 31-32 ppt; a summer thermocline is 
also present. The water below 20-40 m is probably permanently 
anoxic and sulfide concentrations as high as 10 ppm were 
observed.
Other fjords, such as Saanich Inlet, British Columbia, 
are anoxic in the summer only, due to the instability of 
waters across the sill (Richards, 1965). Although not fjords, 
some of the basins of the Baltic Sea (especially the Gotland 
Basin) are similar. These basins are occasionally anoxic due 
to an intense halocline (Fonselius, 1963).
9On the west coast of Japan there is an interesting 
series of lakes (Yoshimura, 1932) . Lake Mikata consists 
entirely of freshwater. Its waters flow into Lake Suigetu 
and Hiruga, both of which contain seawater from Wakasa Bay 
in their deeper portions. As a result, Lake Suigetu is 
permanently anoxic and Lake Hiruga is similar except that it 
mixes completely during severe winters. Lake Kugusi is 
shallow and probably is a simple estuary.
The Black Sea, an extremely large, deep tributary of 
the Mediterranean Sea, is the best known anoxic basin 
(Caspers, 1957; 'Zenkevich, 1963). It has a mean depth of 
1271 m and a maximum depth of 2245 m. The Bosporus and the 
Dardanelles form a narrow, shallow sill. Like most temperate 
estuaries the freshwater discharge is greater than the influx 
of saline water; a pronounced halocline exists at 100-200 m.
A thermocline adds to the stability of the water column dur­
ing the summer. The sulfide content of the bottom waters 
ranges up to about 10 ppm. The sea of Azov, attached to the 
northern part of the Black Sea, is an estuary of the Don 
River. This extremely productive water body is intermittently 
anoxic.
Some hypersaline waters, like the Sivach or Putrid 
Sea, the Dead Sea, and a number of salt lakes are intermit­
tently or permanently anoxic (Zenkevich, 1963; Neev and 
Emery, 1967; Butlin and Postgate, 1954).
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Conditions Leading to Anoxia and' Sulfide Production in 
Stratified Aquatic Environments
On this planet, at this time, virtually all the 
organic matter in natural environments is derived ultimately 
from biological photosynthesis. In aquatic environments, 
organic matter can be produced "in situ" in the photic zone 
(autochthonous) or it may be derived from exogenous sources 
(allochthonous).
There are numerous examples of allochthonous organic 
matter contributing to the natural economy of aquatic environ­
ments. In their e tensive survey of the Highland Lake Dis­
trict of no.rtheastern Wisconsin, Birge and Juday (1934) found 
that many lakes received substantial contributions from 
external sources such as leaves, humus, marshes, and peat.
This material was included in both the soluble and the sus­
pended organic matter and accounted for 38.8 - 75.2% of the 
total organic matter of the lakes. A major source of alloch­
thonous organic material in many aquatic environments is 
domestic and industrial pollution (Mackenthun and Ingram,
1967) .
In the sea, the most important primary producers of 
autochthonous organic matter are the phytoplankton. The 
attached algae are quantitatively important only in the lit­
toral zone which comprises a small proportion of the total 
oceanic area (Raymont, 1963). In fresh waters, on the other 
hand, littoral production may be quantitatively important.
The longer the shoreline and the shallower the slopes in
11
relation to the total area of the lake, the greater the 
importance of littoral production (Ruttner, 1966). In 
fresh waters rooted plants with their associated periphyton 
are the most significant producers in the littoral zone, while 
the phytoplankton are important in both the littoral and 
pelagic zones.
Green plant photosynthesis is an oxygen-producing 
reaction; it represents a major mechanism for replenishment 
of waters with oxygen. As a result of photosynthetic acti­
vity, productive waters are often supersaturated with oxygen. 
Photosynthetic activity also depletes the water of CO 2 , 
resulting in a rise in pH. Concurrent with photosynthesis, 
dissimilation of organic matter is also taking place in the 
water column. The process is mediated by plants, animals, 
and bacteria. It is important to note that dissimilatory 
processes result in the production of CO 2 and the consumption 
of oxygen.
The fact that photosynthetic assimilation of organic 
matter is limited by light and dissimilation of organic 
matter is not limited by light is important in the chemical 
stratification of aquatic environments. In such environments 
there is a depth, the compensation point, at which assimila­
tion and dissimilation are equal (Ruttner, 1966) . The actual 
depth of the compensation point depends on the local flora and 
on the transparency of the water. The compensation point can 
be estimated to be the depth to which about 1% of incident 
visible radiation penetrates (Ruttner, 1966). Above the
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compensation point there is a net production of organic 
matter, consumption of C02 , and production of oxygen. Below 
this point, there is a net consumption of organic matter and 
oxygen and production of C0 2 .
Thus, the dissimilation of organic matter is the 
primary mechanism in the development of anoxia. The greater 
the amount of organic matter to be decomposed, the more 
likely that the oxygen will be depleted (Richards, 1965).
It is, therefore, more likely that eutrophic waters become 
anoxic than oligotrophic waters.
Stoichiometric models for the dissimilation of organic 
matter in aquatic environments have been made (Redfield,
1958; Richards, 1965; Richards, et al., 1965). These models 
have been based on the composition of average plankton 
material, in which the atomic ratio is C:N:P: = 106:16:1 
(Fleming, 1940). Richards (1965) then considered that the 
average organic matter in tba sea might have the empirical 
formula (CH20)^q6(nh 3 )16h3p®4• In oxygenated water, the com­
plete oxidation of this organic matter and the ammonia released 
can be represented:
(CH2°>l06(NH3)16H3PO4 + 1 3 8  °2 ~ <'
106 C0 2 + 122 H20 + 16 HNO 3 + h 3 po. (Richards, 1965).
Ratios of (02 :C02 :N02 ~:PO^=) can be derived from this equa­
tion, representing the changes which would occur during 
complete decomposition of organic matter in the marine 
environment. According to Richards,' et al. (1965), despite
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the many possible errors in the assumptions, the model has 
been tested a number of times and appears to be a reasonable 
approximation in oxygenated waters.
While the above model can apply only where dissolved 
oxygen is present, a model has been proposed by Richards 
(1965) for the dissimilation of organic matter in anoxic 
marine environments. When most of the dissolved oxygen has 
been consumed, denitrification is likely to take place. In 
this process, nitrate serves as terminal electron acceptor, 
instead of oxygen, and molecular nitrogen is the ultimate
product. Richards represents denitrification by the follow­
ing equation (assuming oxidation of the ammonia released):
(CH2O)106 (NH3)16 H3P04 + 94.4 HNC>3------»
106 C02 + 55.2 N2 + 177.2 H20 + H3P04
The nitrogen isotope data of Richards and Benson (1961) sug­
gests the occurrence of denitrification in the Cariaco Trench 
and in Dramsfjord, Norway.
When the oxygen and nitrate are consumed, sulfate 
reduction can take place. In this process, sulfate serves 
as terminal electron acceptor during the oxidation of organic 
matter. The dissimilation of organic matter by sulfate 
reduction has been represented by Richards by the equation:
(CH2°) 106 ( ^ l e  h 3P04 + 53 so4= -*
106 C02 + 53 S= + 16 NH3 + 106 H20 + H3P04
Richards, et al. (1965) used ratios derived from
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these equations to test the model in an anoxic fjord, Lake 
Nitinat. They found a good correlation between the ammonia 
and sulfide concentrations and the atomic ratio between them 
was not significantly different from the predicted ratio of 
3.3:1. While this leads to a certain amount of confidence 
in the model, the other predictions were more poorly sup­
ported. The correlations were either not linear or the 
slopes differed significantly from the predicted ratios.
Methanogenesis is often regarded as an alternative 
mechanism for organic matter dissimilation (Richards, et al., 
1965; Postgate, 1968). In this process, CC>2 is the terminal 
electron acceptor for the oxidation of organic matter.
Methane gas has been demonstrated in anoxic waters and sedi­
ments (Kanwisher, 1962; Richards, et al., 1965). Deevey, 
et al., (1963) have deduced from carbon fractionation data 
that methane is produced biologically in anaerobic sediments.
An important ramification of anoxic conditions in 
aquatic environments is the accumulation of nutrients in the 
anoxic zone (Richards, 1965). The concentrations of ammonium, 
phosphate, carbonate and silicate are very much greater in 
the anoxic zone than in the overlying oxygenated water. 
Redfield (1968) considered such basins to be "nutrient traps". 
This accumulation appears to be the direct result of minerali­
zation of organic matter produced in the photic zone. When 
such nutrients are carried back to the surface, as in turn­
overs and upwelling, a marked increase in productivity can be 
expected (Harvey, 1963; Ruttner, 1966).
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While it might be expected that significant amounts 
of organic matter might be removed from circulation in anoxic 
zones by sedimentation, the decomposition of organic matter 
in the water column of the Black Sea is apparently almost 
complete (Kriss, 1963). The amount of organic matter in 
sediments of the Black Sea is similar to that in oxygenated 
marine basins (Zenkevich, 1963) . This implies that denitri­
fication, sulfate reduction, and methanogenesis are effective 
methods for dissimilation of organic matter.
Production of Sulfide
The dissimilatory sulfate-reducing bacteria repre­
sent a unique group of organisms. Their taxonomy has been 
discussed recently by Campbell and Postgate (1965) and 
Postgate and Campbell (1966). They are members of two mor­
phologically distinct genera, Desulfovibrio and Desulfomaculum. 
The former genus consists of non-sporulating, gram-negative 
vibrios with polar flagella, whereas the latter genus in­
cludes gram-negative rods with terminal or subterminal endo- 
spores and with peritrichous flagella. Some members of 
Desulfomaculum are thermophilic.
These bacteria are strictly anaerobic and Baas 
Becking et a^ L. (1960) have stated that the absolute limits 
of their environmental ranges are pH 4.15-9.92 and Eh +115- 
(-450) mV. Various strains of the dissimilatory sulfate- 
reducing bacteria will grow in either fresh or salt water.
Their carbon metabolism has been reviewed by Postgate (1959) .
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They have been reported to be capable of growth on a variety 
of organic materials, but Postgate points out that the 
spectrum of carbon compounds metabolized is influenced by 
the Eh of the medium and the presence of yeast extract. He 
also notes that cultures used in some reports may not have 
been pure. The metabolism of 3- and 4- carbon compounds has 
been studied in some detail.
Growth of dissimilatory sulfate-reducing bacteria at 
the expense of hydrogen oxidation has also been reported by 
a number of investigators (Postgate, 1959), but complete 
chemolithotrophy apparently does not occur (Mechalas and 
Rittenberg, 1960).
Desulfovibrio and Desulfomaculum spp. are capable of 
using a variety of sulfur compounds as terminal electron 
acceptors. While sulfate-reduction is regarded as the most 
important reaction, the organisms can also reduce thiosulfate, 
tetrathionate, sulfite, and colloidal sulfur (Postgate, 1959). 
Partial reduction of sulfate to sulfur has also been reported. 
The pathway of sulfate-reduction was reviewed by Peck (1962) 
and Trudinger (1969).
Under certain conditions dissimilatory sulfate- 
reducing bacteria are capable of fractionating the stable 
isotopes of sulfur; their activity has the effect of enrich­
ing the sulfate in the heavier isotope (S3 4) and enriching 
the sulfide in the lighter isotope (S3^) (Jones and Starkey, 
1957) . This ability to fractionate the sulfur isotopes has 
been used by a number of investigators as an index of activity
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of sulfate-reducing bacteria (Hacnamara and Thode, 1951? 
Jones, et al., 1956). In this way, Deevey, et al., (1963) 
found fractionation factors of 1 . 0 2 0  in the hypolimnion of 
Linsley Pond, Connecticut, and 1.0575 in the monimolimnion 
of Green Lake, New York. The unusually great fractionation 
in the latter lake was considered to be evidence that the 
stagnant waters of this meromictic lake constitute a nutrient 
trap.
A variety of procaryotic and eucaryotic organisms 
are capable of sulfate-reduction for assimilatory purposes. 
Peck (1962) and Trudinger (1969) review the pathways of 
reduction of sulfate and incorporation into cysteine. When 
assimilatory sulfate-reduction is followed by protein decom­
position and release of sulfide the process has been called 
non-specific sulfate-reduction (ZoBell, 1946). The property 
is widespread in such genera as Aerobacter, Bacillus and 
Proteus (LaRiviere, 1966) . While the sulfur containing amino 
acids cysteine, cystine, and methionine, constitute the bulk 
of the organic sulfur in cells, sulfur also appears in a 
number of other types of organic compounds. The occurrence, 
transformations, and dissimilation of organic sulfur com­
pounds was reviewed by Starkey (1964) .
Dissimilatory sulfate-reducing bacteria are known to 
be widely distributed in anaerobic marine and freshwater and 
sediments (ZoBell and Rittenberg, 194 8 ; Ruttner, 1966). Some 
workers have attempted to determine the relative importance 
of assimilatory and dissimilatory sulfate-reducing bacteria 
in such environments. Kriss (1963) pointed out that there
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is no evidence to show the prevalence of one group or the 
other in the Black Sea. Ivanov and Terebkova (1959a) reported 
0 “ 1 0  dissimilatory sulfate-reducing bacteria/ml and 2 0 0 - 1 0 0 0  
non-specific sulfate-reducing bacteria/ml in Lake Solenoe, 
a shallow stratified lake. The numbers in the sediments 
were higher: 1 0 0 0 -1 0 0 , 0 0 0  dissimilatory sulfate-reducing
bacteria/g and 1600-6000 non-specific sulfate-reducing 
bacteria/g.
Gunkel and Oppenheimer (1963) incubated some shallow 
sediments from the Gulf of Mexico and the North Sea in 
opaque tubes "in situ" and under laboratory conditions for 
several weeks. In most cases the increase in sulfide-S was 
considerably greater than the decrease in sulfate-S. This 
would imply that there is another source of sulfide, pre­
sumably non-specific sulfate reduction. It is interesting 
to note that the numbers of non-specific sulfate-reducing 
bacteria were considerably higher (1 ^ - 2 logs) than numbers 
of the other group. Skopintsev, et al. (1964) reports data 
from experiments conducted with samples from the Black Sea. 
Concentrated plankton samples were added to water samples 
which were incubated in the dark under aerobic and anaerobic 
conditions. In these experiments, the increase in sulfide-S 
agreed with the decrease in sulfate-S.
The use of radioactive sulfur (S^5) has provided a 
useful technique for the estimation of "in situ" sulfate- 
reduction rates. In this technique, labelled sulfate is 
incubated with the water or sediment sample and the appearance
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of the label in the sulfide fraction is determined (Ivanov, 
1959). Ivanov and Terebkova (1959a and b) observed sulfate- 
reduction rates of 0.9-19 mg E^S/liter/day in bottom deposits 
of Lake Solenoe in the summer and rates of 0.0017-1.404 mg/ 
liter/day in the winter. Sorokin (1962) observed sulfate- 
reduction rates of 0.027-2.31 mg ^S/liter/day in surface 
sediment samples from the Black Sea. He later (1964) observed 
that sulfate-reduction occurs actively in the water column 
of the Black Sea in two zones, a layer about 150 m thick near 
the upper boundary of the anoxic zone and a layer near the 
bottom; the maximum rates observed in the water column were 
about 0.007 mg ^S/liter/day. The use of a similar technique 
for estimating the rates of non-specific sulfate-reduction 
has not been reported.
Sulfide can also originate from exogenous sources 
such as vulcanism, springs, and pollution. For example,
Lake Sernoye, U.S.S.R. is fed by sulfide-containing mineral 
springs (Kuznetsov, et al., 1963) . Sulfite waste-liquor from 
pulp mills can be a source of sulfide as well as sulfite 
(Black, 1960; Eldridge, 1960) .
Solubility and Volatilization of H?S
The ionization of H2S was considered in detail by 
Hutchinson (1957). H 2 S is freely soluble in water; the 
solubility at 1 atm at 25 C is 0.102M (3.47 ppt). It behaves
as a weak acid, ionizing as follows (Borchert, 1965) .
H 2 S — » H+ + HS“ ^  = 0.91 x 10- 7  at 18 C
HS- — ♦ H+ + S= K 2  = 1.0 x 10- 1 5
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The relative molar concentrations of the various species in 
water with a metal ion concentration of 1 0  m are given by 
Baas Becking (1925) :
EH H2£ HS' £T
5 2.2 x 10“3 2.0 x 10"5 2.0 x 10"15
6 1.2 x 10”4 1.1 X 10“5 1.1 X 10-14
7 1.1 x 10"5 1.0 x 10"5 1.0 x 10"13
8 1.0 x 10“6 9.1 x 10”6 9 .1 x 10-13
9 2.2 x 10“8 2.0 x 10"6 2.0 x 10-12
Thus, at pH 7 approximately equal amounts would be present 
as H2S and HS“ , while at pH 8 most would be present as HS” .
Eriksson (1961) noted that H2S is an extremely 
volatile gas and, except for the overlying layer of oxygenated 
water, some escape into the atmosphere would be likely.
Sedimentation of Sulfides
The metallic sulfides are quite insoluble and accord­
ing to Hutchinson (1957) the sulfide concentration in solu­
tion is controlled by the precipitation of ferrous sulfide.
He discusses in detail the solubility of other metallic 
sulfides as well.
It is likely that the low oxidation-reduction 
potential of anoxic waters results in lowered oxidation 
states of cations (Richards, 1965). Thus, while iron is 
mostly in the ferric state (+3) in oxygenated water, existing 
as insoluble ferric hydrates and complexes, it is often 
present as soluble ferrous ion (+2) in anoxic water. While
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the maximum soluble iron content of the Pacific is about
5.5 ppb (Lewis and Goldberg, 1954), Richards (1965) observed 
concentrations as high as 18 ppb in the Cariaco Trench. 
Skopintsev, et al (1964) observed concentrations up to 20 ppb 
in the Black Sea. Borchert (1965) pointed out that the 
leaching of iron from sediments is favored by a low pH, 
thus the relatively low pH characteristic of the intermediate 
waters ("CO2 zone") of anoxic basins and lakes would increase 
the availability of iron.
The form in which the various iron ore minerals are 
precipitated from aquatic environments is influenced by the 
Eh and sulfide concentration (Borchert, 1965). While 
goethite (FeOOH) may be formed in oxygenated sediments, 
siderite (FeCC^) may be formed under intermediate conditions, 
and pyrite (FeS2) may be formed in sediments with a low Eh 
and a high sulfide content.
The iron sulfides may precipitate from solution in 
the water column or within the sediments. There are a num­
ber of iron sulfide minerals, differing in their physical 
and chemical properties (Vallentyne, 1963; Berner, 1964).
A possible sequence was presented by Emery and Rittenberg 
(1952) . Sulfide would be originally precipitated as an 
amorphous form, hydrotroilite (FeS*nH2 0 ), which would be sub­
sequently crystallized to the transitional form, melnikovite 
(FeS2 ) . These two forms are black colored and acid soluble.
In acidic environments rhombic FeS2  (marcasite) would form 
slowly, while cubic FeS2 (pyrite) would form in neutral or
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alkaline environments. Marcasite and pyrite are brassy yel­
low, opaque, and metallic, and are quite stable. This theory 
is supported by the appearance of pyrite or marcasite in 
offshore, slowly deposited sediments (green muds), while in 
areas of rapid deposition,such as bays, harbors, and estuaries, 
the black acid-soluble sulfides are found (Emery and Rittenberg, 
1952). This data suggests that the latter sediments are 
being deposited too rapidly for alteration of the melnikovite 
to pyrite and marcasite to occur.
Emery and Rittenberg (1952) suggested another alter­
native . They noted that while many black muds are high in 
acid-soluble forms and low in free H 2 S, the green muds are 
often high in free H 2 S and low in the acid-soluble forms.
This suggests that the form that the sulfides appear in is 
dependent on the availability of iron. Emery and Rittenberg 
suggested that hydrotroilite may not be an intermediate in 
slow deposition areas.
The sulfur in FeS2 is in a higher oxidation state 
than in FeS. Baas Becking (1956) presented evidence for 
the existence of disulfhydryl iron (Fe(SH) 2  or FeSH-I^S), 
which could be oxidized to form pyrite:
Fe (SH) 2 + A — *FeS2  + H2A 
where A may be sulfur, ferric hydroxide, organic matter, or 
oxygen. An alternative mechanism was presented by Berner 
(1964a):
FeS + H+ — HHS" + Fe++
Pe++ + s° + HS"— *FeS 2 + H+ .
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Berner proposed that this reaction sequence could occur at 
the sediment water interface of the basins in the Gulf of 
California, where an abundance of all the above reactants 
were found. This could explain the lack of acid-soluble 
forms in such sediments. The observation of microfossils 
in pyrite suggests that microorganisms may play a role in 
pyrite formation (Love, 1957).
Vallentyne (1963) observed abundant pyrite spherules 
in almost all fine-grained freshwater sediments containing 
organic matter and reduced sulfur compounds. Of two mero- 
mictic lakes examined, Green Lake, New York, and Langsee, 
Austria, they were found only in the sediments of the latter. 
These spherules were often found within intact remains of 
higher plants and animals (plant cells, pollen grains, etc.). 
In Little Round Lake, Ontario, about 450,000 spherules 
(2 - 1 0 0  in diameter) were found/g dry weight of sediment; 
this represents about 1600 ppm by weight as pyrite-S.
Nriagu (1968) found that most of the sulfur in 
sediments of the eutrophic Lake Mendota, Wisconsin, was in 
the form of acid-soluble sulfides. Sugawara, et al. (1953) 
reported high concentrations of "unidentified S" in fresh­
water, brackish, and marine sediments. This "unidentified 
S" was later shown to consist largely of pyrite (Sugawara, 
et al♦, 1954).
Dissimilatory sulfate-reduction often appears to be 
the primary source of sulfide in the iron sulfide minerals 
(Emery and Rittenberg, 1952; Berner, 1964a).. This is prob­
ably true in environments where the sulfate content is high
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and the organic content is relatively low. On the other 
hand, Nriagu (1968) suggested that as much as 45% of the 
sulfide in Lake Mendota sediments may have originated through 
non-specific sulfate-reduction.
Oxidation of Reduced Sulfur Compounds
Sulfide and other reduced sulfur compounds may be 
oxidized abiotically or biologically. The abiotic oxidation 
of sulfide is complex; there are several intermediates and 
the reaction sequence may be influenced by a number of 
variables. Bulfer, et al. (1936) noted that the presence of 
organic substances, such as glycerol and carbitol, inhibit 
the oxidation of Na2S solutions. Krebs (1929) observed the 
catalytic effect of the first transition series metals (Mn, 
Ni, Co, Fe, Cu) on abiotic oxidation of various sulfides.
The catalytic effect of iron was also observed by Wheatland
(1954). Iya and Sreenivasaya (1944) suggested that reactive 
nitrite may serve as an oxidizing agent in the liberation of 
sulfur from sulfide.
The results of Skopintsev, et. al. (1964) using low 
concentrations of 0 2 and H2S suggest that abiotic oxidation 
occurs in two stages:
H2S °2 T S O______ °2___> h2 S04  ,
following first-order kinetics. Avrahami and Golding (1968) 
also studied sulfide oxidation at low concentrations in 
aqueous solutions. Their results suggest that the reaction 
sequence is far more complex than above:
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HS“ + 3/2 0 2 -— *■ S03= + H+
S03= + 1/2 0 2 — *-S04=
S03= + HS“ + 1/2 0 2 — *-S2 03= + OH- 
S2 ° 3 = + 1/2 0 2 — >S04= + S!
The first reaction is the initial rate-limiting step, and 
sulfite is then rapidly removed by further oxidation to sul­
fate or by production of thiosulfate. Oxidation of thio- 
sulfate and sulfur proceeds slowly. They found that the 
oxidation rate is enhanced by increased pH, temperature, and 
0 2 :N2 ratio in the gas mixture. The results of Abel (1956) 
and Cline and Richards (1969) also suggest that soluble 
intermediates, such as H 2 S02 , H 2 S 2 04 , S03= , and S2 03= , are 
important in the reaction sequence. While Avrahami and 
Golding (1968) observed that oxidation was close to first- 
order with respect to sulfide when other variables remained 
constant, Cline and Richards (1969) observed mixed second- 
order kinetics after the first few hr of reaction. Kester 
and Richards observed that the ultimate produce depends on 
the oxygen concentration in the water (Richards, 1965).
Chemolithotrophic sulfur bacteria (colorless sulfur 
bacteria) are capable of utilization of reducing power, 
obtained from the oxidation of reduced sulfur compounds, in 
order to reduce C0 2 to form cellular organic matter. While 
a number of groups of bacteria, both multicellular and uni­
cellular, have been called chemolithotrophic sulfur bacteria, 
many of these organisms have questionable status.
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Beggiatoa has long been thought to be a chemolitho- 
trophic sulfur bacterium. This filamentous organism is 
capable of depositing elemental sulfur intracellularly when 
growing in the presence of sulfide; when the supply of sul­
fide is removed, the sulfur globules gradually disappear, 
presumably by oxidation to sulfate (Winogradsky, 1887).
Beggiatoa isolates were shown subsequently to be 
capable of heterotrophic growth (Faust and Wolfe, 1961?
Scotten and Stokes, 1962). Burton and Morita (1964) demon­
strated the beneficial effects of catalase when the organism 
is grown in the absence of sulfide. This would suggest that 
Beggiatoa produces peroxide which is eventually lethal, and 
that catalase or sulfide are capable of reducing the peroxide 
and allowing maximal growth. Burton and Morita admitted the 
possibility that the enrichment technique commonly employed 
(hay enrichment) may select for non-chemolithotrophic strains. 
Pringsheim and Kowallik (1964) observed that certain strains 
can develop on strictly inorganic media in the presence of 
low quantities of sulfide, and that without CC>2 , no growth 
is observed. Some strains are apparently facultative chemo- 
lithotrophic sulfur bacteria.
Whether or not it is truly a chemolithotroph,
Beggiatoa is capable of oxidizing sulfide, at least as far 
sulfur. Beggiatoa is widely distributed, especially in 
stagnant fresh and salt water containing hydrogen sulfide 
(Breed, et al., 1957).
Included in the family Beggiatoaceae are three other
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genera of supposed sulfur bacteria, Thiospirillopsis, Thio- 
ploca, and Thiothrix (Breed, et a],., 1957). Like Beggiatoa 
these organisms consist of gliding trichomes and contain 
sulfur globules when growing in the presence of sulfide; they 
are distinguished from Beggiatoa on the basis of their 
morphology.
Thioploca has been studied in some detail by Kolkwitz
(1955) and by Maier and Murray (1965). The latter authors 
compared a strain obtained from the mud of western Lake Erie 
with cultures of Beggiatoa; they found their morphology to 
be similar but distinct. Thioploca differs primarily by con­
sisting of several trichomes enclosed in a common sheath.
Rodina (1963) microscopically examined the detritus 
of several lakes for sulfur bacteria; as many as 1 . 8  x 1 0 ^/g 
of wet detritus were observed. He observed various Beggiatoa 
and Thiothrix species, as well as photosynthetic sulfur 
bacteria. Thiothrix is similar to Beggiatoa, except that it 
is attached to a substrate by a holdfast. .Thiospirillopsis, 
an organism with coiled trichomes, was observed by Lackey 
(1960) in a freshwater spring.
Lackey and Lackey (1961) described a new sulfur 
bacterium, Thiodendron mucosum, which has an unusual mor­
phology. It consists of rod-shaped non-motile cells forming 
dendroid colonies in a jelly-like matrix. It was found in 
two aquatic environments in Florida.
Whether these multicellular forms are distinct genera 
is still questionable and will remain questionable until
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they are grown in axenic culture. Cultural studies may also 
be able to answer the question of whether they are actually 
chemolithotrophic. Presently, the only evidence for their 
inclusion among the sulfur bacteria is the intracellular 
deposition of sulfur. It should be noted such organisms as 
Sphaerotilus natans, Leucothrix, and even several yeasts and 
fungi, will deposit sulfur when exposed to hydrogen sulfide 
(Skerman, Dementjev, and Skyring, 1957; LaRiviere, 1965).
This may represent a detoxification mechanism in such organisms.
Lackey (1960) observed many aquatic samples for the 
presence of colorless sulfur bacteria and attempted to deter­
mine the environmental factors governing their natural 
distribution. Among the factors which affect their distri­
bution are light, temperature, barometric pressure, osmotic 
pressure, pH, and physical and chemical substrates. He was 
able to distinguish between 2 2  species of multicellular and 
unicellular forms, entirely on the basis of their morphology.
Most of the genera of unicellular sulfur bacteria 
are as questionable as the filamentous sulfur bacteria.
Included in this group are Achromatium, Thiobacterium,
Macromonas, Thiospira, Thiovulum, and Thiobacillus (LaRiviere, 
1965). Like many of the filamentous forms, many of these 
organisms probably should be placed among the colorless blue- 
green algae (Pringsheim, 1949). They are typically included 
among the sulfur bacteria because they are found in environ­
ments containing sulfide, and because under these conditions 
they deposit sulfur intracellularly. Of the unicellular
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colorless sulfur bacteria, only Thiovulum and ThiobacUlus 
have been studied in axenic culture.
Thiovulum is a member of the Thiobacteriaceae (Breed, 
et al., 1957). The cells are spherical to ovoid, 5-25 /u long, 
and rapidly motile by peritrichous flagella? they divide by 
longitudinal fission (DeBoer, et al., 1961). Thiovulum is 
extremely chemotactic and is specifically attracted to areas 
containing low concentrations of both dissolved oxygen and 
sulfide (LaRiviere, 1965). The cells contain inclusions 
of elemental sulfur. Since Thiovulum can only be grown under 
these conditions and does not appear to require organic com­
pounds, it is currently regarded as a chemolithotrophic sulfur 
bacterium (LaRiviere, 1965). According to Skerman (1965), 
they are typically found in seawater in the vicinity of 
decomposing organic matter liberating H 2 S, where they form 
a thin film of growth in a zone of critical sulfide and 
oxygen concentrations.
Thiobacillus is also a member of the Thiobacteriaceae. 
Unlike the other colorless sulfur bacteria, this genus has 
been studied in considerable detail for many years, and its 
chemolithotrophy is well established. Thiobacillus 
Beijerinck is characterized by small* gram-negativ^ rod-shaped 
bacteria, possessing single polar flagella when motile. The 
genus includes obligate and facultative chemolithotrophic 
members, deriving their energy from the oxidation of several 
reduced sulfur compounds. They do not deposit elemental 
sulfur intracellularly (Breed, et al., 1957).
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There are a number of distinct species of ThiobaciTlus, 
but the breakdown in Bergey's Manual of Determinative 
Bacteriology, 7th Ed. (Breed, et al., 1957) is probably 
invalid. The taxonomy of the species of Thiobacillus has 
been considered more recently by Unz and Lundgren (1961); 
Hutchinson, Johnstone, and White (1965, 1966 and 1967);
Sokolova and Karavaiko (1968); and Rittenberg (1969) .
Thiobacillus thioparus is the type species of the 
genus. This organism is neutrophilic, but it is capable of 
dropping the pH to 3.5-4.5 when growing in thiosulfate media.
It is an obligate chemolithotroph and under certain condi­
tions it can oxidize sulfide, sulfur, thiosulfate, tetra- 
thionate, and, to a lesser extent, trithionate, dithionate 
and hyposulfite (Sokolova and Karavaiko, 1968).
There are several other thiobacilli which are very 
similar to T. thioparus. T. neapolitanus (Thiobacillus X) 
appears to be somewhat more acid-tolerant than T. thioparus 
(Hutchinson, Johnstone and White, 1965); its ability to form 
tetrathionate during thiosulfate oxidation is not considered 
as a distinctive characteristic by Sokolova and Karavaiko 
(1968) since T. thioparus will also form tetrathionate under 
certain conditions (Vishniac and Santer, 1957). T. thio- 
cyanoxidans differs from T. thioparus in its additional capa­
bility to utilize thiocyanate as sole source of energy, 
carbon, and nitrogen (Vishniac and Santer, 1957). A halo- 
philic strain of T. thioparus was reported by Keller (1969) .
T. thiooxidans is also an obligate chemolithotroph,
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capable of oxidizing thiosulfate, sulfur and possibly sul­
fide (Sokolova and Karavaiko, 1968) . It is an extreme acido- 
phile, its optimum pH being 2.0-3.5; during growth especially 
on sulfur, it drops the pH of its medium to 0.5 or below 
(Breed, et al., 1957). T. coneretivorus is probably a 
strain of T. thiooxidans (Vishniac and Santer, 1957; Sokolova 
and Karavaiko, 1968). T. ferrooxidans, like T. thiooxidans, 
is an acidophile. However, it is capable of growth on ferrous 
iron and in addition to some sulfur compounds; it appears to 
be quite similar to Ferrobacillus ferrooxidans, and F. sulfo- 
oxidans, the three strains differing only in range of sub­
strates (Unz and Lundgren, 1961; Sokolova and Karavaiko, 1968).
T. denitrificans is capable of growth anaerobically, 
producing gaseous nitrogen from nitrate (Baalsrud and Baalsrud, 
1954). Like many denitrifying bacteria it is also capable 
of aerobic growth. While growing aerobically, it is quite 
indistinguishable from T. thioparus. According to Hutchinson, 
Johnstone, and White (1967) , T. intermedius and T. thermophilica 
are also capable of anaerobic growth.
Rittenberg (1969) compared the various examples of 
facultative autotrophic, chemolithotrophic, heterotrophic, 
and mixotrophic bacteria, and attempted to classify them in 
a logical manner. He concluded that the modes of carbon 
assimilation and energy generation are independent and occur 
in all possible combinations. He defined obligate chemo- 
lithotrophs as those which derive their energy from oxidation 
of inorganic materials, have no mechanisms for obtaining
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energy from organic compounds, and which utilize the ribulose 
diphosphate cycle as their basic mechanism for carbon assimi­
lation. Chemolithotrophic heterotrophs, such as T. perometabolis 
and Desulfovibrio desulfuricans, were defined as those which 
lack the ribulose diphosphate cycle (consequently, CO 2  fixa­
tion can play only a secondary role in their carbon assimila­
tion) , but which may be capable of utilizing energy obtained 
from inorganic oxidations. All possible combinations 
between were grouped as mixotrophs, or facultative autotrophs.
T. novellus and T. intermedius were included in this group.
These two strains differ in the degree that their thiosulfate- 
oxidizing systems are repressed by organic matter, their final 
pH in thiosulfate media, and their relative ability to grow 
on certain single organic compounds; both are capable of 
growth in thiosulfate media and in certain complex organic 
media (Adair and Gundersen, 1969b; Rittenberg, 1969).
This classification is further complicated by the 
reports that such "obligate chemolithotrophs" as Thiobacillus 
thiooxidans are capable of limited chemoorganotrophic growth 
(Borichewski and Umbreit, 1966; Rittenberg, 1969). Exogenous 
organic compounds may also be taken up by thiobacilli during 
chemolithotrophic growth (Rittenburg, 1969) .
Egorova and Deryugina (1963) isolated a thermophilic, 
spore-forming organism, capable of growth by oxidizing sul­
fide, sulfite, thiosulfate, and hyposulfite. They called 
the organism T. thermophilica, although its morphology dif­
fers from the other members of the genus.
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Many other species of thiobacilli have been described, 
such as T. coproliticus, T. beijerihckii, T. nathansonii,
T. thermitanus, T. lobatus, T. umbonatus, T. crenatus, and 
T. trautweinii; most of these are currently regarded as 
strains of established species (Vishniac and Santer, 1957).
T. trautweinii, however, should not be included in the genus 
at all. This organism is incapable of growth on mineral 
media, but does slowly oxidize thiosulfate to tetrathionate 
with a rise in pH while growing on organic media; it probably 
should be included in the genus Pseudomonas (Starkey, 1935; 
Trudinger, 1969) .
There is extensive literature on the physiology of 
the thiobacilli. This literature was reviewed by Vishniac 
and Santer (1957) , Peck (1965), Vishniac and Trudinger (1962) , 
Sokolova and Karavaiko (1968), Rittenberg (1969) , and 
Trudinger (1969) . There is considerable controversy concern­
ing the intermediary metabolism, response to organic matter, 
phosphorylation and electron transport, extracellular pro­
ducts, and pathways of oxidation of sulfur compounds of this 
genus.
The oxidation of sulfur compounds by the thiobacilli 
is summarized below (Trudinger, 1969):
* APSS'
where APS is adenosine phospho sulfate.
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This sequence illustrates only the major reactions and not 
every member of the genus is able to perform each step.
Sulfide may be oxidized by a number of thiobacilli. 
However, now all metallic sulfides are oxidized; the heavy 
metal sulfides are quite insoluble and oxidation may involve 
intimate contact between the cells and the mineral (Sokolova 
and Karavaiko, 196 8 ) . Sulfur, thiosulfate, and polythionates 
have been reported as intermediates and there is little 
agreement on the pathway of sulfide oxidation. There is 
reason to doubt whether the energy from sulfide oxidation 
is utilized; sulfide may not be utilized until after its 
chemical conversion to other metabolizable compounds 
(Trudinger, 1969).
Intimate contact between T. thiooxidans cells and 
elemental sulfur is probably required for oxidation to proceed 
and there is some controversy whether the intact sulfur moiety 
enters the cell (Vishniac and Santer, 1957). The pathway 
of sulfur oxidation is controversial. Glutathione or protein- 
bound thiol groups may be required. While it was once thought 
that thiosulfate is an intermediate, sulfite is now con­
sidered as a more likely intermediate. In any case, oxida­
tion of sulfur involves multiple cleavage of the S 0 ring 
(Trudinger, 1969).
Three major pathways for oxidation of thiosulfate 
are considered as possibilities (Peck, 1962; Trudinger, 1969). 
The first involves an oxidative condensation to form tetra- 
thionate and its subsequent oxidation via trithionate and 
sulfite to sulfate (tetrathionase pathway). The other two
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pathways involve initial cleavage of thiosulfate, alter­
natively to form sulfide and sulfite or elemental sulfur and 
sulfite. These cleavage products are subsequently oxidized; 
APS may or may not be an intermediate. These pathways are 
not necessarily mutually exclusive; T. thioparus may be 
capable of expressing both a thiosulfate-cleaving pathway 
and a tetrathionase pathway (Trudinger, 1969).
With regard to the distribution of the species of 
Thiobacillus, a number of factors are important; substrate, 
pH, oxidation-reduction potential, temperature, salinity, 
and various nutrients (Sokolova and Karavaiko, 1968). Gen­
erally, the genus may be divided into -'two. major groups, 
the acidophiles and the neutrophiles. Oxidation-reduction 
potential is an important environmental parameter; while 
only T. denitrificans can develop in the total absence of 
oxygen, T. thioparus has been shown to be a microaerophile 
(Kuznetsov and Sokolova, 1960) . Most of the thiobacilli are 
mesophilic but a thermophilic species has been reported and 
development of thiobacilli in hot springs has been observed 
(Egorova and Deryugina, 1963). Marine strains of most 
species of thiobacilli have been isolated (Tilton, Cobet, 
and Jones, 1967; Tilton, Stewart and Jones, 1967; Adair and 
Gundersen, 1969a and b); halphilic strains have also been 
reported (Keller, 1969).
As early as 1898, Egounov hypothesized, on the basis 
of laboratory experiments, that at an intermediate depth of 
a stratified water column a film of growth of sulfur bacteria
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would occur. At this depth limited amounts of both oxygen 
and sulfide would be located. The film itself would inter­
fere with further upward transport of sulfide. Egounov was 
able to demonstrate such a film in cylinders of water, con­
taining mud at the bottom. A similar phenomenon was reported 
by Suckow and Schwarz (1963) .
Thiobacilli were detected in small numbers in the 
water column in the Black Sea (Kriss, 1963). No definite 
trends were seen; occasional positive tubes were observed 
from 1-2000 m. Thiobacilli were also detected in the sedi­
ments. Sorokin (1962) was also unable to confirm the pres­
ence of a thin film of thiobacilli in the Black Sea by his 
cultural studies, but he did detect layers of maximal dark 
CC>2 -fixation ("chemosynthesis") near the top of the sulfide 
zone (190-250 m ) . Sorokin (1962 and 1964) found that this 
"chemosynthesis" was stimulated by the addition of thio­
sulfate and concluded that it was due to thiobacilli.
Anagnostidis and Overbeck (1966) observed maximal 
numbers of thiobacilli in the deeper portion of the hypolim- 
nion of the Plussee, a lake in northern Germany which con­
tains sulfide in its summeir hypolimnion. Kuznetsov, et al., 
(1963) observed a similar phenomenon in the meromictic Lake 
Belovod, U.S.S.R.; highest numbers were observed immediately 
above the sediment surface. In the eutrophic Kuibyshev 
Resevoir, U.S.S.R., Sorokin observed that the activity of 
thiobacilli, as measured by thiosulfate oxidation, was high 
throughout the hypolimnion (Sokolova and Karavaiko, 1960) .
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Some heterotrophic organisms are also capable of 
oxidizing reduced sulfur compounds, apparently without 
utilizing the resultant energy. Sulfide oxidation to thio­
sulfate has been observed in mammalian tissues (Sorbo, 1960). 
Sulfide oxidation by Sphaerotilus, Pseudomonas, Micrococcus, 
Laucothrix, and various yeasts and molds has been observed 
(LaRiviere, 1966; Skerman, Dementjeva, and Skyring, 1957). 
Guittoneau (1927) observed that Bacillus subtilis, B. 
mesenteroides, B. megatherium, Escherichia coli, Proteus 
vulgaris, and Actinomyces griseus can oxidize elemental 
sulfur to thiosulfate. Penicillium glaucum was observed to 
produce a mixture of thiosulfate and sulfate and Sterigmato- 
cystis nigra produces sulfate only. A sulfur-oxidizing 
Streptomyces was isolated by Wieringa (1966) . A number of 
heterotrophic bacteria, such as Thiobacillus trautweinii and 
Pseudomonas aeruginosa are known to be capable of oxidation 
of thiosulfate to tetrathionate (Trudinger, 1969) and further 
oxidation of the tetrathionate to sulfate may also take 
place in certain organisms (Peck, 1962). Rhodanese, the 
enzyme catalyzing the cyanolysis of thiosulfate, has been 
found in animal tissues and in a number of heterotrophic 
bacteria; this enzyme may be active in both oxidative and 
reductive pathways (Trudinger, 1969). The oxidation of 
sulfite to sulfate may be non-enzymatically catalyzed by 
metal ions (Heinberg, et ad., 1953) or it may be enzymatically 
oxidized in mammalian tissues (Fridovich and Handler, 19 56; 
Peck, 1962). In addition, cysteine may be oxidized by such
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organisms as Proteus vulgaris to produce sulfate instead of 
sulfide (Singer and Kearney, 1955) . The significance of 
heterotrophic oxidation of sulfur compounds in natural waters 
is unknown.
The photosynthetic sulfur bacteria are grouped in 
two families, Thiorhodaceae and Chlorobacteriaceae (Breed, 
et al., 1957).
The family Thiorhodaceae, or purple sulfur bacteria, 
consists of 13 genera, which are distinguished entirely by 
their morphology (Breed, et al., 1957). These genera in­
clude Thiosarcina, Thiopedia, Thiocapsa, Thiodictyon, Thio- 
thece, Thiocystis, Lamprocystis, Amoebobacter, Thiopolycoccus, 
Thiospirillum, Rhabdomonas, Rhodothece, and Chromatium. 
Chromatium is the best known genus, many of the other genera 
have not been studied in pure culture. The Thiorhodaceae 
have colors ranging from bluish-violet, pale purple, brown, 
to deep red, due to the combined effect of carotenoids and 
bacteriochlorophyll a (Breed, et al., 1957). The latter 
pigment absorbs light at 350-400 mju, at about 580 mju, and at 
800-890 mu "in vivo" (Knodrat'eva, 1965).
The Chlorobacteriaceae (green sulfur bacteria) are 
divided into 6 genera, Chlorobium, Pelodictyon, Clathrochloris, 
Chlorobacterium, Chlorochromatium, and Cylindrogloea, dis­
tinguished by their morphology (Breed, et al_., 1957) . The 
latter three genera are found as symbionts with other organisms. 
Only Chlorobium has been studied in any detail. This organism 
possesses either bacteriochlorophyll c or d, which absorb 
light "in vivo" at about 450-460 mp and at about 720-760 mp
(Stanier and Smith, 1960) .
The physiology of the photosynthetic sulfur bacteria 
has been reviewed by Kondrat’eva (1961 and 1965) and Larsen 
(1952 and 1953) . They are generally characterized as photo­
synthetic organisms which are capable of utilizing hydrogen 
sulfide and other sulfur compounds as electron donors, 
instead of water (Van Niel, 1941). While purple sulfur 
bacteria apparently are able to deposit sulfur intracellularly, 
Chlorobium deposits sulfur extracellularly. The sulfur which 
is produced during sulfide oxidation may be subsequently 
oxidized to sulfate (Kondrat'eva, 1965) . Some photosynthetic 
sulfur bacteria, as well as some of the Athiorhodaceae 
(purple non-sulfur bacteria, which typically utilize organic 
compounds as electron donors during photosynthesis) are also 
capable of oxidizing thiosulfate and polythionates (Larsen, 
1953; Peck, 1962; Kondrat’eva, 1965) .
The oxidation of sulfur compounds and the reduction 
of CC>2 are quite closely coupled, and close agreement with 
the following equations has been demonstrated (Larsen, 1952; 
Triiper and Schlegel, 1964; Trudinger, 1969):
light
C02 + 2 H2S ------»(CH2 0) + H20 + 2 S
light
3 C0 2 + 2 S* + 5 H20 ----:------> 3 (CH2 0) + 2 H 2 SC>4
light
2 C0 2 + Na 2 S2 C>3 + 3 H20 ----:-----* 2 (CH2 0) + Na 2 S04  + H 2 S04 .
In addition to the wavelength of light and the avail­
ability of substrate, van Niel (1931) suggested that pH and
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amount of E^S are important environmental factors controlling 
the development of the various photosynthetic sulfur bacteria.
Massive development of photosynthetic sulfur bacteria 
in stratified aquatic environments has been observed by 
many authors. Most of the extensive literature regarding 
their distribution was reviewed by Kondrat'eva (1965) and 
Hutchinson (1957). This massive development or bloom may 
be green, pink, red, brown, or purple in color and it may be 
due to more than 10^ cells/ml. Chromatium, Lamprocystis, 
Thiopedia, Thodothece, Chlorobium, Chlorochromatium, and 
Glathrochloris are typically the dominant genera in such 
blooms.
Dark COo Fixation
The modification of Sorokin (1958) of the C ^  
methodology of Steeman-Nielsen (1952) has been used by a 
number of workers to estimate the amount of chemolithotrophic 
productivity in a water body. It has been assumed that any 
fixation of CO 2 in the dark is due to chemolithotrophic 
productivity (chemosynthesis) (Sorokin, 1958) . Sorokin 
(1964b) emphasized that chemosynthesis is truly secondary 
productivity since the substrates for chemolithotrophic 
organisms, especially the reduced sulfur compounds, can 
usually be traced ultimately back to a photosynthetic reduc­
tion (primary productivity).
Kuznetsov (1958) observed chemosynthetic rates up 
to 1.1 mg C/m3 /hr, which represented up to 3.3% of the
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photosynthetic rate, in Lake Bieloye, near Moskow. In Lake 
Belovod, Lyalikova (1957) observed maximal chemosynthesis 
near the top of the sulfide zone (about 6 mg C/m^/hr). Sorokin 
(1957b) observed chemosynthetic rates of 0.9-2.2 mg C/m3/hr 
in Rybinsk Resevoir during the winter whereas rates of up to
2.5 mg C/m3/hr during the summer were observed (Sorokin,
1958b). Rates were usually highest just above the sediment 
surface, and much higher rates (10.1-62.5 mg C/m^/hr) were 
observed in the sediment itself (Sorokin, 1958a). Sorokin
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observed rates of chemosynthesis up to 582 mg C/m /hr in the 
sediments of other lakes in the U.S.S.R. Sorokin (1959) 
was also able to demonstrate that chemosynthetic organisms 
participate directly in the aquatic food chain; he observed 
that various planktonic and benthic invertebrates consume 
and assimilate methane and hydrogen bacteria. Feeding of 
zooplankton on sulfur bacteria has been demonstrated by 
other investigators (Ruttner, 1966) . Salmanov (1964) 
observed chemosynthetic rates tip to 2.0 mg C/m3/hr near the 
bottom of Kuibyshev Resevoir, U.S.S.R., during the summer.
Near the top of the sulfide zone of the Black Sea, 
Sorokin observed chemosynthetic rates of 0.17-0.38 mg C/m3/hr 
(Sorokin, 1962, 1964a, and 1965). His results indicated 
that up to one third of the total CO 2 fixed in the water 
column was due to chemolithotrophic activity.
Steeman-Nielsen (1960) noted that such chemosynthesis 
results must be regarded with caution, since dark CO2  fixa­
tion actually represents the sum of chemolithotrophic and
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heterotrophic CC>2 fixation. Heterotrophic organisms have 
long been known to be capable of fixing small amounts of CC>2 . 
The mechanisms of heterotrophic CO2  fixation were reviewed 
by Wood and Stjernholm (1962).
A number of workers have investigated the role of 
heterotrophic organisms in the fixation of CO 2 in aquatic 
systems (Jones, et al., 1958; Sorokin, 1964; Romanenko,
1964a; Zharova, 1964) . Romanenko reported that 2-8% of the 
total biomass of heterotrophic bacteria is due to fixation 
of C02 • Seki (1967a) observed that dark assimilation of CO 2  
in seawater is enhanced by the addition of organic matter. 
Heterotrophic CO 2 fixation by marine diatoms in the dark was 
also reported by Seki (1967b).
Some workers have applied a correction for hetero­
trophic uptake to their chemosynthetic results. This correc­
tion factor is based on the biomass and average generation 
time of the heterotrophic population (Sorokin, 1964).
Sorokin (1965) observed that heterotrophic CO 2  
fixation was less than 3% of the dark fixation in the upper 
part of the sulfide zone of the Black Sea.
In order to avoid some of these difficulties,
Romanenko (1964a and b) determined the "potential capacity" 
of heterotrophic and chemolithotrophic organisms to fix CO 2  
in the dark. To samples of water or sediment, various 
organic and inorganic nutrients were added prior to incubation 
in the dark in the presence of labelled bicarbonate. He 
observed that the potential capacity of heterotrophic
organisms greatly exceeded that of the chemolithotrophic 
organisms. A similar technique was used by Sorokin (1962) 
to estimate the potential capacity of the sulfur bacteria 
in the Black Sea. Unfortunately it is difficult to relate 
these results to natural substrate conditions.
Limnology of Oyster Pond
Oyster Pond lies adjacent to Vineyard Sound about 
two miles east of Woods Hole, Massachusetts. Because of its 
proximity to the scientific institutions in Woods Hole, this 
pond has been the subject of a considerable amount of inves­
tigation. This work was reviewed by Emery (1969).
The bathymetry and surrounding topography are shown 
in Fig. 1. It is about a kilometer long and is oriented in 
a North-South direction. The total area is 0.250 km^. Most 
of the shoreline is relatively steep and forested while the 
shoreline of much of the southern part of the pond is shal­
lower with few trees. There are a number of year-round and 
summer residences along the banks. The pond consists of 
three basins. The southern basin is the deepest (6.5 m ) .
The middle basin is not a closed depression but is broad and 
flat with an average depth of 3.2 m. The northern basin has 
a maximum depth of 4.5 m. While the bottom is covered with 
boulders along much of the shoreline, most of the bottom in 
the basins is covered by as much as 6  m of sediment (Emery, 
1969) .
The steeper portion of the shoreline is composed of 
boulders, gravel, and coarse sand (Buzzards Bay recessional
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moraine).. Much of the shallower sloping shoreline is an 
outwash plain consisting of sands and gravels. The basins 
of Oyster Pond are kettles, formed by the eventual melting 
of blocks of glacial ice which remained partly buried in 
unconsolidated deposits after the recession of the glacier 
(Emery, 1969).
The southern basin of Oyster Pond is separated from 
Vineyard Sound by a baymouth bar. The abundant oysters in 
the pond in colonial times accounted for the name of the 
pond. As early as 1767, the oyster fishery was declining, 
possibly a result of partial closure of the inlet from 
Vineyard Sound. This opening may have closed primarily 
through longshore drift of beach sand, but the construction 
of a railroad and a road along the shore in the 1870's com­
pleted the closure. The pond presently drains through a 
series of marsh ponds into Vineyard Sound; there are conduits 
through the road and railroad embankments (Emery, 1969).
There are no major surface tributaries but there is 
a net outflow from the pond of 1200-4000 m^/day, while 
evaporation accounts for about 400 m-^/day. The majority of 
the freshwater entering the pond probably enters as ground 
water through shoreline springs, with minor contributions 
from septic tank effluent .and direct precipitation on the 
pond. Some seawater enters the pond on especially high 
tides through the outlet and during severe storms in the 
form of spray (Emery, 1969).
Oyster Pond currents result mainly from wind-drag.
45
During periods of typical wind conditions, there is a counter­
clockwise flow in the main part of the pond, while the cur­
rents in the northern basin flow in a clockwise direction 
(Emery, 1969).
Temperature and Cl%omeasurements of the northern 
and southern basins for the period October, 1963, through 
December, 1965, were reported by Emery,(1969). In the 
northern basin a summer thermocline was present, while during 
the rest of the year the water column was nearly isothermal.
No saline stratification was observed in the northern basin 
and an increasing trend in Cl%»from about 1.0 ppt in October, 
1963, to about 2.5 ppt in December, 1965, was noted. This 
increasing Cl%<>was also observed in the top 4 m .of the 
southern basin. The southern basin exhibited saline strati­
fication throughout year except immediately after the periods 
of complete circulation. Such overturns occurred in November, 
1963, and March, 19 64, but not again until April, 1967. Dur­
ing this period, the pond could be classified as meromictic 
(Hutchinson, 1957). A Cl%«, as high as 6 ppt was often observed 
near the bottom of the southern basin while the surface Cl%# 
never exceeded 2.5 ppt. In addition to the halocline at 
about 4-5 m, there was a pronounced summer thermocline at 
about the same depth of the southern basin.
The ratios of the major ions of Oyster Pond water 
are similar to seawater indicating that the salt content is 
derived primarily from dilution of seawater (Emery, 1969).
The bicarbonate content, though, is relatively high, probably 
a result of decomposition of organic matter. The deep water
46
of the southern basin exhibited a slightly lower SC>4 = :C1 - , 
ratio (0.1343) than expected from dilution of seawater 
(0.1394), suggesting the activity of sulfate-reducing bacteria. 
Emery noted that the salt content of the local ground water 
and tap water is quite low (Cl%*= 0.036 ppt and 0.011 ppt, 
respectively).
Emery reported that the hypolimnion of the southern 
basin lacked dissolved oxygen and contained hydrogen sulfide 
throughout the year, except immediately after overturns.
The upper portion of the hypolimnion had a milky appearance, 
presumably due to colloidal elemental sulfur. Hydrogen 
sulfide was observed in the hypolimnion of the northern basin 
during the summer months only. The highest pH occurred at 
about 1 m; this epilimnetic pH varied between 7 and 9.
Walsh (1956b) observed a diurnal pH cycle, with highest pH 
occurring in the afternoon. An annual pH variation was 
observed by Walsh (1966), with highest pH during the summer. 
The hypolimnetic pH was more constant (6 .9-7.4). Walsh 
(1966) observed that the oxidation-reduction potential 
stratification reflected the oxygen-sulfide stratification.
The Eh of the epilimnion varied between +243 and +443 mV, 
while the Eh of the hypolimnion ranged between -9 and -127 mV 
except during periods of complete circulation.
The shallow areas of the pond are partly covered by 
the growth of the sessile plants, Certaophyllum demersum, 
Potamogeton crispus, and P. foliosus;■ Zannichellia palustris
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and Xyris congdoni may also be present (Emery, 1969). The 
blue green algae, Microcystis marina, Anabena sp., Oscil- 
latoria sp., and Merismopedia sp. are the dominant phyto­
plankton with lesser growth of diatoms such as Chaeotcerus 
sp. (Walsh, 1965b). This Myxophycean plankton is characteristic 
of warm, eutrophic waters (Hutchinson, 1967).
Among the important fish are white perch, yellow 
perch, sunfish, mummichubs, eels, and herring. Other 
vertebrates include turtles, frogs, muskrats, otters, and 
many water birds, including ducks, geese, swans, gulls, 
loons, herons, etc. The zooplankton include copepods and 
possibly tintinnids. A number of benthic animals, such as 
amphipids, polychaetes, oligochaetes, turbellarians, hydroids/ 
and gastropods, are found in the shallower portions (less 
than 2 m). A number of insects and their larvae are also 
present (Emery, 1969) .
The only reports of bacteriological studies are 
rather limited. (Emery (1969) reported the results of coli- 
form surveys, which indicated lower numbers of Escherichia 
coli after an open sewage drain was diverted. Walsh (1966) 
reported an intense bloom of Chlorobium near the top of the 
sulfide zone of the northern basin during the summer of 1969.
The high concentrations of dissolved organic matter 
in Oyster Pond are typical of eutrophic waters. Menzel 
observed total dissolved organic carbon concentrations of 
5-10 ppm C in the water column during June, 1964, and May,
1965 (Emery, 1969).
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Walsh (1965b) reported a diurnal cycle in dissolved 
carbohydrates. On 7/22-7/23/64, dissolved carbohydrate in 
inshore waters varied between 1.67 and 2.92 ppm (as sucrose) 
with highest values in the afternoon. Results of a second 
study on 7/31-8/1/64, in three locations were similar. Again, 
highest values were observed in the afternoon? the concen­
tration varied between 1.57 and 3.54 ppm.
Walsh (1966) observed seasonal changes in the con­
centration of dissolved carbohydrate. Near the surface of 
the northern basin and at 2 m, the concentrations were 
lowest during the February plankton bloom and highest con­
centrations were observed later in the spring after the bloom. 
Concentrations of dissolved carbohydrate near the bottom of 
the northern basin were especially high (4.39 ppm) in July 
and August during the Chlorobium bloom. The annual cycles 
observed near the surface and at 3 m of the southern basin 
were similar to those observed at 0 and 2 m of the northern 
basin. At 6 m, concentrations were lowest in the spring and 
increased to 4.1-4.2 ppm in August and September.
The dissolved carbohydrate concentrations were con­
siderably higher in Oyster Pond than in most other Cape Cod 
waters surveyed by Walsh (1965a).
Chlorophyll a concentration has been used as an index 
of phytoplankton biomass. Walsh (1966) observed an inverse 
relationship between the annual cycles in the concentration 
of dissolved carbohydrate and the chlorophyll a content of 
the plankton in the epilimnion of both basins. The
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chlorophyll content ranged between 2.68 and 30.92 ppb except 
during the Chlorobium bloom near the bottom of the northern 
basin during July and August. At that time, concentrations 
as high as 1 0 1  ppb were observed.
Productivity measurements were made by several dif­
ferent methods by Walsh, Yentsch, and Emery (Walsh, 1965a 
and b; Emery, 1969). The productivity was highest in the 
spring, lower in the summer, attaining a secondary peak near 
the end of the summer, and lowest in the winter. The rela­
tively high productivity is consistent with the classification 
as a eutrophic pond. Emery (1969) attempted to construct 
an organic carbon budget for the pond, but the data were 
not sufficiently complete for this purpose.
Emery (1969) found that the floor of most of the 
pond was covered with a gray organic silt. At station 18 
(Fig. 1) black organic silt was found. The sediments in the 
deeper portions had a smaller grain size than those in the 
shallower portions. Near the shores, the sediments graded 
into sands, and along the south shore the sands were especially 
coarse.
Carbonate, Kjeldahl nitrogen, and organic carbon con­
tent of the sediments were determined by Hiilsemann (Emery, 
1969). Calcium carbonate content ranged from 0.4-3.5% and 
averaged 1.0%. The organic carbon content was quite high, 
ranging up to 16.0%, except in the sands (0.3-2.5%).
Kjeldahl nitrogen was also high, ranging up to 1.85%. The 
basin sediments had carbon : nitrogen ratios less than 1 0 .0 ,
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while the ratio was higher in nearshore samples, where cellu­
lose-containing debris from terrestrial vegetation was present. 
Walsh (1965a) found the total organic matter content at 
station 18 to be 19.15%.
Degens analyzed sediment samples from stations 3 and 
18 for amino acids, amino sugars, diaminopimelic acid, and 
aminobutyric acid (Emery, 1969). The amino acid nitrogen 
accounted for 4.5-8.9% of the total Kjeldahl nitrogen of the 
sediments.
12 13The C /C ratio of Oyster Pond sediments was deter­
mined by Sackett (Emery, 1969). For 8 samples, the 6 C^ -3 
ranged from -22.8 to -25.1 ppt, similar to that found in 
marine sediments. The methane in the sediments, on the 
other hand, was enriched in C-*-^  ( 8 = -56 to -60 ppt) ,
suggesting that fractionation may have occurred during 
bacterial methanogensis.
All of the sediments contained hydrogen sulfide.
Bubbles of gas were observed to emanate from the organic 
silt sediments; this gas was found to consist largely of 
methane. Emery (1969) estimated the rate or escape of 
methane from the sediments to be about 0.0018 ml/g dry 
weight/day.
The coarse fractions of sediment samples were found 
by Emery (1969) to consist mostly of quartz grains, as well 
as feldspars, muscovite, some heavy minerals, blackened 
remains of parts of terrestrial plants, bits of hematite 
partly altered to limonite, cinders, and small grains of 
anthracite coal. The latter two constituents originated
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from the nearby railroad. The fine fraction was examined by 
Hathaway with x-ray diffraction methods (Emery, .1969) . The 
2-62 ai fraction consisted mainly of quartz and feldspar 
while the <■ 2 ja fraction consisted largely of illite, kaolinite, 
and amorphous silica; much of this silica may have been the 
remains of diatom frustules. Each of the fractions contained 
pyrite (5% of the 2-62 /u fraction and 2% of the <  2 ja 
fraction).
Stratigraphic evidence obtained by Deevey (1948) 
and Emery (1969) were used to construct a history of Oyster 
Pond. After the kettle basins were formed, they were filled 
with freshwater. This was about 11,770 ± 300 yr ago. As the 
sea level rose, the basins filled with seawater, first the 
southern basin, then the middle basin, and finally the 
northern basin. The interstitial water of sediments 700-1100 
years old had a Cl%« of 16 ppt, similar to that in the present 
Vineyard Sound. The Cl%e then decreased, probably the result 
of the gradual building of a baymouth bar. About 70 years 
ago, the Cl%*started to drop more rapidly; this was due to 
the construction of the railroad embankment. A number of 
sand layers were observed; these were felt to be the results 
of hurricanes washing sand into the pond. Emery estimated 




Most of the work was done at station 18, in the 
deepest part of the southern basin (6.5 m deep). Some work 
was also done in the northern basin at station 3 (4.5m deep). 
Sampling locations are illustrated in Fig. 1.
Sampling Methods
A small row boat, kindly loaned by K. 0. Emery, was 
used for most work. On one occasion samples were obtained 
through a hole in the winter ice. Sampling gear was lowered 
by hand, using light nylon line.
A "Coke bottle sampler" of the Meyer type (Ruttner, 
1966) was used for most chemical work. This sampler has the 
advantage of simplicity and capability of sampling narrow 
stratifications. When large volumes of water were required, 
a three liter Van Dorn sampler was used. Generally, Cobet 
samplers (Jones, 1968) were utilized for bacteriological 
work. The capillaries and rubber bulbs were autoclaved at 
121 C for 15 min and the samplers were assembled immediately 
after autoclaving with minimal exposure to air. On one 
occasion bacteriological samples were obtained with a Niskin 
sterile sampler (Niskin, 1962) . A Van Veen type dredge was 
used to collect sediment samples.
Physical Factors
Water temperature. Water temperature was measured 
by plunging a thermometer into the "Coke bottle sampler"
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immediately after collection.
Transparency. Water transparency was determined with 
an eight inch white Secchi disc. The extinction coefficient, 
k, was calculated:
k = 1.7/D
where D is the depth at which the disc was no longer visible. 
The extinction coefficient can then be used to estimate the 
amount of light reaching any depth:
2.3(log10Idl “ lo9lOId2^
where Id-^  is the intensity (in percentage of incident radia­
tion) at d-j^ meters and Id2 is that at d 2 meters (Harvey, 1963) .
Chemical Analyses of the Water
pH. A Beckman Model G pH meter equipped with small 
glass and calomel electrodes was used to measure the pH of 
freshly collected samples. The meter was standardized using 
pH 6.50 phosphate buffer (Radiometer).
Salinity. Salinity was measured by the Mohr titra­
tion (Strickland and Parsons, 1965) . In this procedure, 
the precipitable halides in a 1 0  ml sample were titrated 
with 0.28 N AgN03 (Mallinckrodt Analytical), which had been 
standardized against I. A. P. 0. "Copenhagen" water with a 
chlorinity of 19.369 ppt, using a chromate end point; 15 ml 
of 0.35% K 2 Cr0 4  (Mallinckrodt Analytical) was added prior to 
the start of the titration. The resultant chlorinity was 
converted to salinity by the Knudsen equation:
S%.= 0.030 + 1.8050 Cl%* .
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Dissolved Oxygen. The Winkler titration was used to 
measure the oxygen content (Strickland and Parsons, 1965).
In this procedure, the dissolved oxygen is "pickled" by 
adding a divalent manganese solution and an alkaline iodide 
solution. Higher valence manganese hydroxides, in amount 
equivalent to the amount of oxygen present, are formed; the 
samples are now stable indefinitely. When acidified, the 
manganese is reduced to the divalent state and iodine is 
liberated. The iodine is titrated with thiosulfate using a 
starch indicator.
The following reagents were used:
A. 36.5% MnS0 4 *H20 (Fisher Certified).
B. 50 g NaOH (Fisher Certified) in 50 ml water 
50 g KI (Fisher Certified) in 50 ml water 
The two solutions mixed.
C. 0.2% soluble starch (Baker).
D. 0.010 N Na 2 S 2 C>2 (0.10 N Fisher Certified Solution 
diluted 1 :1 0 ) .
The samples were introduced from the sampler into 
60 ml glass-stoppered bottles with minimal agitation. Within 
an hour, 0.2 ml reagent A and 0.2 ml reagent B were intro­
duced and the bottles were stoppered, entrapping no air 
bubbles. The bottles were thoroughly shaken and stored in 
the dark; 0.2 ml concentrated H 2 S04 (Fisher Reagent) was 
added, dissolving the precipitate. Shortly after acidifi­
cation, 50.0 ml were titrated with the thiosulfate to a 
pale straw color, at which point 5 ml of starch were added,
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and the titration was concluded rapidly (end point = 
colorless 20 seconds). The results were expressed in ppm 
°2 •
Sulfide. The colorimetric method of Packmayr (1960), 
as modified by Truper and Schlegel (1964) , was used to mea­
sure sulfide. In this determination the sulfide is incor­
porated directly and stoichiometrically into methylene blue. 
Immediately upon collecting the sample, 1.0 - 10.0 ml, 
containing less than 90 jig sulfide, was added to 20 ml 2% 
zinc acetate (Baker Analyzed) in a 100 ml volumetric flask, 
thereby fixing the sulfide as ZnS. Since this salt is 
quite stable the assay may be completed up to two days 
later. The flask was filled to approximately 80 ml with 
water, followed by 10 ml of 0.2% N,N-dimethyl-p-phenylene- 
diamine sulfate solution (Eastman) in 20% v/v HjSC^ (Fisher 
Reagent). The flask was swirled and 0.5 ml of 10% FeNH^ 
(8 0 4 ) 2  solution (Mallinckrodt Analytical) in 2% H 2 SO4  
(Fisher Reagent) was added immediately. The flask was 
filled to the mark, mixed, and allowed to stand 30 min 
before measuring at 670 mp against a water blank in a 1 cm 
cuvette in a Beckman DU or Zeiss PMQ II spectrophotometer.
The sulfide concentration was calculated by reference to a 
standard curve. The procedure was also checked by comparing 
with a gravimetric analysis using CdS; the two methods were 
found to agree within + 5%.
Thiosulfate and Polythionates. A modification of
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the procedure of Sorbo (1957) was used to measure thiosulfate 
and polythionates. This method is based on the rapid con­
version of thiosulfate to thiocyanate at room temperature 
in the presence of cupric ions. The thiocyanate forms a 
colored complex with ferric ions. The conversion of poly­
thionates to thiocyanate is spontaneous but takes about 30 
min for completion; thus, for the determination of poly­
thionates, the copper reagent is omitted.
For analysis, a 30 ml sample was added in the field 
to a bottle containing 1.0 ml of 0.1 M CdCl2  (Mallinckrodt 
Analytical), thus removing the sulfide as CdS. The sample 
was then filtered through a 0.45 «  membrane (Millipore) 
using a Swinnex unit (Millipore) attached to a 30 ml syringe. 
The filter was washed twice with 5 ml water and the volume 
of filtrate made to 50 ml with water. The filtrate was 
divided into four 1 2  ml portions, which were treated as 
follows:
1. Reagent Blank. Add 1.0 ml water and reagents 
in this order: 1.5 ml ferric nitrate solution (25 g
Fe(NO^ ) 3 • 9 H 2 0  (Fisher Certified) + 50 ml Con­
centrated HN03 (Fisher Reagent) made to 250 ml with
water); 1.5 ml of 0.1 M NaCN (Baker Analyzed);
1.0 ml of 1.0 M CUCI2 (Fisher Certified). This 
measures only preformed thiocyanate.
2. Thiosulfate + Polythionates. Add 1.0 ml 
water and 1.5 ml NaCN. Wait 30 min and add 1.0 ml
CuCl2 and 1.5 ml Fe(N03)3 .
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3. Polythionates Only (as Tetrathionate). Add
2.0 ml water and 1.5 ml NaCN. Wait 30 min and add 
1.5 ml FisCNO-jJg.
4. Plus Internal Standard. Add 1.0 ml thio­
sulfate solution (12.0 meq/liter - 0.1 N Fisher 
Certified Solution diluted 12.0:100) and reagents 
as in 2 .
The absorbance at 460 mp was determined in 5 cm 
cuvettes against the reagent blank with a Zeiss PMQ II 
spectrophotometer. The method was found to be sensitive to 
2 Aieq thiosulfate/liter. The internal standard was neces­
sary because sea water interferes with the reaction; the 
standard curve always was a straight line passing through 
zero, the slope merely decreased with increasing sea water 
concentration. The results were expressed in ppm S.
Sulfur. The presence of elemental sulfur was sug­
gested by a milky turbidity of the water sample. Van 
Gemerden (1967) used the absorbance of ethanol solutions of 
sulfur at 260 mp for determining the amount of sulfur in 
Chromatium cells. A similar method using hexane was 
reported by Maurice (1957).
This idea was adapted for use with water samples.
It was found that benzene solutions of sulfur absorbed 
strongly at 280 mp. In the concentration range useful for 
pond water, organic interference was negligible. In 1 cm 
cuvettes, the standard curve was linear at least as high as 
40 ppm S.
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Water samples, usually 50 ml, were filtered in the 
field through 0.45 u membranes (Millipore) using a Swinnex 
unit (Millipore) attached to a syringe, and the filters were 
washed with distilled water. After drying, the membranes 
were extracted with benzene (Fisher Certified Spectranalyzed) 
in a Soxhlet extractor. Extraction times of 6 to 8 hours 
were found to be sufficient. The volume of the extract was 
made to 2 0 0  ml and the absorbance at 280 mu was measured in 
a Zeiss PMQ II spectrophotometer using quartz cuvettes.
Sulfite. Sulfite was determined by the fuchsin- 
formaldehyde method of Pachmayr (1960) as modified by Triiper 
and Schlegel (1964). The sample was added to 20 ml of 2% 
zinc acetate (Baker Analyzed) in a 100 ml volumetric flask. 
The flask was then filled to approximately 80 ml with water, 
followed by the addition of 1 0  ml fuchsin solution ( 1 0 0  mg 
Bacto Basic Fuchsin in 250 ml 12.5% (v/v) I^SO^ (Fisher 
Reagent).). The flask was shaken and 10 or more min later
1.0 ml of 36.8% formaldehyde (Fisher Certified) was added. 
Exactly 10 min after the formalin was added, the absorbance 
at 570 mu was measured in 1 cm cuvettes in a Zeiss PMQ II 
spectrophotometer. A standard curve was prepared with Na 2 S0  ^
(Mallinckrodt Analytical).
Sulfate. Sulfate was measured gravimetrically after 
Rieman, et al., (1951). A 50 ml sample was mixed with 1.0 ml 
of 0.1 M CdCl2 (Mallinckrodt Analytical) and then filtered 
through a 0.45 u  membrane (Millipore) using a Swinnex unit 
(Millipore) on a syringe. This removed the sulfide and any
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suspended material. The filter was washed with several 
rinses of distilled water. The filtrate was mixed with 
30 ml of 10% BaCl2 (Fisher Certified) in a 250 ml beaker 
and 0.75 ml concentrated HC1 (Fisher Reagent) was added.
The beaker was covered with a watch glass and was held in a 
boiling water bath for 4 hr. After allowing the beaker to 
remain at ambient temperature for 24 hr, the contents were 
filtered through a pre-combusted and tared Gooch crucible 
containing a glass fiber filter (Schleicher and Schuell).
The filter was washed with distilled water, combusted at 
500 C for 8 hr, cooled in a desiccator, and weighed.
Inorganic Phosphorus and Nitrogen. Phosphate, 
nitrate, nitrite, and ammonium were all determined on water 
samples which had been filtered through 0.45 ju. membranes 
(Millipore); thus, this data includes only "soluble" forms. 
The samples were then frozen in Whirl-Pak Bags (Scientific 
Products) for storage prior to analysis; samples stored in 
this manner are probably stable for many weeks with regard 
to phosphate and inorganic nitrogen compounds (Strickland 
and Parsons, 1965). Due to a slight precipitate upon thaw­
ing (probably sulfur), samples were filtered through filter 
paper (Eaton-Dikeman) immediately prior to analysis.
Phosphate. The method of Murphy and Riley (1962), 
as described by Strickland and Parsons (1965), was used to 
measure reactive phosphorus, which is usually referred to 
as inorganic phosphate. In this method, a reagent containing
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ascorbic acid, molybdic acid, and trivalent antimony is used 
to form a stable blue-purple complex with the phosphate in 
the sample, the absorbance of which is measured colorimetri- 
cally.
The following reagents were used:
A. 3.0% (NH4)6Mo 70 24•4H2 0.
B. 140 ml concentrated H 2 S04  (Fisher Reagent) 
plus 900 ml water.
C. 5.4% L-ascorbic acid (Fisher Reagent).
D. 0.34 g potassium antimonyl tartrate (Merck) 
in 250 ml water.
E. 100 ml A, 250 ml B, 100 ml C, plus 50 ml D 
mixed.
To 100 ml sample at ambient temperature, 10 ml rea­
gent E were added. Between 5 min and 2 hr later, the absor­
bance at 885 mu was measured against distilled water in 5 cm 
cuvettes in a Zeiss PMQ II spectrophotometer. Absorbance 
of reagent blanks and standards, prepared with KH 2 P04  
(Fisher Certified) were also measured. The results were 
expressed as ppb P.
Nitrite. The procedure of Bendschneider and Robinson 
(1952), described by Strickland and Parsons (1965), was 
used to measure nitrite. In this procedure, the nitrite 
reacts with sulfanilamide under acidic conditions producing 
a diazo compound, which reacts with naphthylethylenediamine 
to form an azo dye, which is measured colorimetrically.
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The reagents used were:
A. 1.0% sulfanilamide (Eastman) in 10% (v/v) HC1 
(Fisher Reagent).
B. 0.10% N-(1-Naphthyl)-ethylenediamine dihydrochloride 
(Fisher Reagent).
To a 50 ml sample, 1.0 ml reagent A was added and 
allowed to react for 2-8 min. Then, 1.0 ml reagent B was 
added and after 10 min - 2 hr, the absorbance at 543 rnp was 
measured against distilled water using 5 cm cuvettes in a 
Zeiss PMQ II spectrophotometer. Absorbances of reagent 
blanks and standards, prepared with NaNC^ (Fisher Certified), 
were also measured. The results were expressed as ppb N.
Nitrate. Nitrate was determined by the method of 
Morris and Riley (1963), as modified by Strickland and 
Parsons (1965). The nitrate is reduced to nitrite by pas­
sage through a column of amalgamated cadmium filings. The 
resultant nitrite is then determined by the sulfanilamide- 
naphthylethylenediamine method.
The columns were prepared by joining 20 cm of 30 mm 
tubing on to 30 cm of 8 mm tubing. The opposite end of the 
smaller tubing was drawn out slightly to accommodate a short 
piece of rubber tubing. The flow rate was controlled with 
a screw clamp.
To prepare cadmium filings, sticks of cadmium metal 
(Fisher Certified) were filed with a coarse hand file. The 
0 .3-2.0 mm fraction was collected and about 1 0 0  g were 
stirred with 100 ml 1% HgCl2 (Fisher Certified) for 3 min.
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After decanting off the liquid, the amalgamated filings were 
washed several times with distilled water. The filings were 
poured into columns which had glass wool plugs in the bottom. 
Columns which were 20 cm long were prepared. When not in 
use the filings were covered with reagent B.
The following reagents were used:
A. 100 g NH^Cl (Fisher Certified) in 500 ml water.
B. Reagent A, diluted 1:40.
C. 1.0% sulfanilamide (Eastman) in 10% (v/v) HC1 
(Fisher Reagent).
D. 0.10% N-(1-Naphthyl)-ethylenediamine dihydro­
chloride (Fisher Reagent).
To 80 ml sample, 2.0 ml reagent A were added; the 
sample was then added to a column. The flow rate was 
adjusted to about 6 ml per min. The first 25 ml were dis­
carded, and 50 ml were collected in a graduated cylinder.
To this, 1.0 ml reagent C was added and after 2-8 min,
1.0 ml reagent D was added. Between 10 min and 2 hr later, 
the absorbance at 543 mu was measured against distilled 
water in 1 cm cuvettes in a Zeiss PMQ II spectrophotometer. 
Reagent blanks and standards prepared with KNO3  (Fisher 
Certified) were also measured. The results were expressed 
as ppb N and a correction was made for nitrite initially 
present.
Ammonium. The method of Richards and Kletsch (1965), 
as modified by Strickland and Parsons (1965), was used to 
measure ammonium concentration. The ammonium is oxidized by
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alkaline hypochlorite in the presence of a bromide catalyst. 
The excess hypochlorite is removed by arsenite, the solution 
acidified, and the resultant nitrite is determined by the 
sulfanilamide-naphthylethylenediamine method. The method 
suffers from interference by amino acids.
The following reagents were used:
A. 330 g NaOH (Fisher Certified) in 2000 ml water.
B. 1.5 ml 1.5 N NaOCl (Chlorox) in 100 ml reagent A.
C. 4.0% AS 2 O 3 in 6.0% NaOH (Fisher Certified).
D. 0.6% KBr (Baker Analyzed).
E. 0.55 g sulfanilamide (Eastman) in 272 ml 1:1 (v/v) 
HC1 (Fisher Reagent):H2 0, water to 500 ml.
F. 0.1% N-(1-Naphthyl)-ethylenediamine dihydrochloride 
(Fisher Reagent).
All reagents, blanks, and standards were prepared 
using double distilled, deionized water. All glassware 
was freshly rinsed in 10% (v/v) HC1 followed by distilled 
water rinses.
To 50 ml sample, 10.0 ml reagent B and 1.0 ml rea­
gent D were added. After 3.5-4 hr at ambient temperature,
2.0 ml reagent C were added, followed, after 2 min, by 10.0 
ml reagent E. After 3-8 min, 1.0 ml reagent F was added, 
and 10 min-2 hr later, the absorbance at 543 mu was 
measured against distilled water in 5 cm cuvettes in a 
Zeiss PMQ II spectrophotometer. Absorbances of reagent 
blanks and standards prepared with (NH^^SO^ (Mallinckrodt 
Analytical) were also measured. The nitrite initially
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present in the sample was subtracted from the results, which 
were expressed as ppb N.
Total Inorganic Carbon. C0 2 plus carbonates were
determined by a procedure suggested by D. W. Merizel of Woods 
Hole Oceanographic Institution. Samples, in completely 
filled 60 ml glass-stoppered bottles, were kept on ice until 
10 ml quantities could be sealed in glass ampoules. All 
manipulations were performed with minimal agitation. They 
were frozen until analysis, at which time they were thawed, 
opened, and 1.0 ml aliquots were taken. These were mixed 
with 0.5 ml 50% (v/v) HC1 (Fisher Reagent) in the apparatus 
shown in Fig. 2. In this apparatus, the C0 2 liberated from 
the water sample by the acidification was carried by a flow 
of 200 ml/min of C02~free N 2 gas through a drying tube into 
a Beckman IR 215 infrared analyzer. The apparatus was a 
modification of one used by Menzel and Vaccaro (1964) for 
dissolved organic carbon. The standard curve was prepared 
by injecting known volumes of CO 2 gas into the system with 
a Hamilton syringe.
Analyses of Sediments
Dry Weight and Ash Weight. A gross estimate of water 
and organic matter content of sediments was made. About 5-10 g 
of wet sediment was added to a pre-combusted and tared crucible 
and weighed to determine wet weight. After drying at 105 C 
for 24 hr, the crucibles were weighed again, the weight loss 
was considered to be water. The crucibles were ashed in a 
muffle furnace at 600 C for 24 hr; the weight loss was
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considered to be combusted organic matter (Walsh, 1965a).
Chloride. Most of the water in a portion of the 
sediment was removed by suction. The salinity titration 
for water analysis was used for the determination of chloride 
in this interstitial water (Strickland and Parsons, 1965).
Water Soluble Sulfides. The methods used for the 
sulfide minerals were adapted from those of Kaplan, et al. 
(1963). The sediment sample, weighing approximately 50 g, 
was added to a tared 250 ml flask and weighed. The flask 
had been fitted with a stopper containing a dropping funnel 
and inlet and outlet tubes. A constant flow of nitrogen 
was maintained through the flask and the outlet was con­
nected in series to two 200.0 ml 2.0% zinc acetate (Baker 
Analyzed) traps. A quantity of freshly boiled distilled 
water sufficient to cover the sample was added through the 
funnel. The flask was then heated in an 80 C waterbath 
until no more zinc sulfide precipitated; 2-3 hr was usually 
sufficient. The sulfide in the traps was determined by the 
colorimetric procedure used for water analysis; the free 
or water soluble sulfide was then calculated.
Acid Soluble Sulfides. Fresh zinc acetate traps 
were added to the above apparatus. Enough concentrated HC1 
(Fisher Reagent) to give an approximate 2N solution was 
added through the funnel, the flask was heated as above, and 
the traps analyzed for sulfide.
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Sulfate. The flask contents were filtered through 
Schleicher and Schuell #576 filter paper and washed with 
hot, freshly boiled distilled water. Due to a slight 
turbidity, the filtrate was re-filtered through a 0.45 ju 
membrane filter (Millipore). The volume of filtrate and 
washes was measured, and the sulfate was measured gravi- 
metrically (Rieman, et al., 1951).
Sulfur. The material on the above filters was dried 
at 105 C overnight and placed in an extraction thimble in 
a Soxhlet extractor. The procedure was an adaptation of 
that used by Berner (1964a). The sample was extracted with 
acetone (Fisher Certified) in the presence of approximately 
0.5 g fine granular copper metal (Mallinckrodt Analytical) 
contained in the collection vessel. With the acetone 
acting as both the solvent and a catalyst, fresh extract 
is continuously supplied to the copper surface where immedi­
ate reaction with elemental sulfur takes place to form CuS. 
Extraction was continued for 2-3 hr which was found to be 
sufficient for essentially complete extraction of added 
sulfur. After the extraction was completed, the extract 
was evaporated almost to dryness and the flask was connected 
to the gas delivery system described above. With a constant 
flow of nitrogen through the flask, enough 2N Hci was added 
to completely cover the residue. The flask was heated as 
above and the evolved sulfide was collected in zinc acetate 
traps; the sulfide was then determined colorimetrically.
This method is supposedly specific for elemental sulfur
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in the presence of a variety of organic sulfur compounds.
Pyritet The procedure of Kaplan, et ad. (1963) was 
modified for determination of pyrite sulfur. All of the 
following treatments were performed on the contents of the 
extraction thimble in the Soxhlet extractor; reagents were 
added by decanting or pipetting into the top of the extractor. 
Any remaining organic sulfur was hydrolyzed successively 
with 100 ml portions of 6 N HC1 (Fisher Reagent) and 12N NaOH 
(Fisher Certified). After each of these hydrolysis steps, 
the sediment was washed with 50 ml water. It was then 
assumed that the remaining sulfur was in the form of pyrite.
This was oxidized by treatment with 200 ml aqua 
regia, HC1 (Fisher Reagent): HNO^ (Dupont Technical = 3:1
(v/v) . The residue was then extracted with 300 ml boiling 
water. The combined extracts were allowed to stand over­
night and filtered through a 0.45 ;u membrane filter (Millipore) 
to remove any subsequent precipitate. The sulfate in the 
filtrate was then determined gravimetrically.
Bacteriological Methods
With few exceptions media were incubated at ambient 
temperature (22-30 C). Whenever a shaker was employed, a 
rotary shaker at 200-250 rpm was used. Dilution blanks 
invariably consisted of 10% synthetic seawater (Lyman and 
Fleming, 1940). Media were sterilized by autoclaving at 
121 C for 15 min; solutions of phosphates and bicarbonate 
were separately autoclaved at 10X concentrations; solutions 
of iron, manganese, and sulfide were filter sterilized with
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0.22 ja membrane filters (Millipore). When direct micro­
scopic counts were performed, a Petroff-Hausser counting 
chamber was employed. All microscopic work was done with 
a Zeiss WL Research Microscope equipped with both phase- 
contrast and bright field optics.
Enumeration of Thiobaciili. Various plating pro­
cedures for the enumeration of thiobaciili were attempted 
but they did not prove to be specific enough for use with 
mixed inocula. A tube dilution procedure was utilized in­
stead. Five replicate tubes with 1.0 ml inocula were 
employed at each dilution. In order to have the final con­
centrations of the media constituents equal those given 
below after the addition of the inoculum, media were pre­
pared somewhat more concentrated; that is, if 1 . 0  ml was to 
be inoculated into 10 ml medium, 9 ml of a 10/9 concentrate 
of the medium were used; if 1 . 0  ml was to be inoculated into 
5 ml medium, 4 ml of a 5/4 concentrate of the medium were 
used. Most probable numbers (MPN) were evaluated using the 
tables in the Standard Methods for the Examination of Water 
and Waste Water (American Public Health Association, 1965) .
Pure cultures of Thiobacillus thioparus, T. thio- 
oxidans, and T. den itr ifieans served as positive controls 
and uninoculated tubes were included as well.
For _T. thioparus, the data for 1968 were obtained 
using 1 0  ml tubes of the following medium:
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Medium A
MnCl2 *4 H 2 0  (Mallinckrodt Analytical) 1.0 mg
FeCl3 *6 H 2 0  (Mallinckrodt Analytical) 1.0 mg
NH 4 CI (Fisher Certified) 0.6 g
K 2 HPC>4 (Fisher Certified) 2.0 g
Na 2 S 2 0 3 *5 H 2 0  (Fisher Certified) 5.0 g
Synthetic Seawater (Lyman and Fleming, 1940) 100 ml
Distilled Water 900 ml
pH 7.8
Tubes were incubated at ambient temperature for 3 weeks and 
were observed for turbidity or pellicle, drop of pH, and 
oxidation of thiosulfate. Thiosulfate oxidation was checked 
by titration with iodine; to 1.0 ml culture, 0.5 of ml 0.2% 
soluble starch (Baker Analyzed) was added, followed by 
titration to the first permanent blue color with 0.01 N 
iodine solution (Mallinckrodt Analytical).
The T. thioparus data for 1969 were derived using 
5 ml tubes of the following medium, which is an adaptation 
of that of Vishniac and Santer (1957):
Medium B
brom thymol blue (Difco) 0.05 g
NH 4 CI (Fisher Certified) 0.4 g
MgSC>4 • 7H20 (Fisher Certified) 0 . 8  g
kh 2 po4 (Fisher Certified) 4.0 g
k 2 hpo4 (Fisher Certified) 4.0 g
Na 2 S2 0 3 *5H2O (Fisher Certified) 1 0 . 0  g
Trace Metal Solution 1 0 . 0  ml




E.D.T.A. (Fisher Certified) 50.0 g
ZnS04 *7H20 (Fisher Certified) 2 2 . 0 g
CaCl2 (Fisher Certified) 5.54 g
MnCl 2 *4H20 (Mallinckrodt Analytical) 5.06 g
FeS04 *7H20 (Mallinckrodt Analytical) 4.99 g
(NH4 )6 Mo 7 0 2 4 *4H20 (Fisher Certified) 1 . 1 0 g
CuS04 *5H20 (Fisher Certified) 1.57 g
CoC12 *6H20 (Fisher Certified) 1.61 g
Distilled water 1 0 0 0  ml
pH adjusted to 6.0 with KOH (Fisher Certified)
The presence of the brom thymol blue in this medium provided 
a quick way to screen for organisms lowering the pH. Tubes 
were incubated on a rotary shaker for 3 weeks at ambient 
temperature. Tubes were observed for turbidity, drop of pH, 
and oxidation of thiosulfate.
The MPN was also compared with colony counts on 
spread plates of the following medium:
Medium C
MnCl2 *4H20 (Mallinckrodt Analytical) 1 . 0 mg
FeCl3 *6H20 (Mallinckrodt Analytical) 1 . 0 mg
brom thymol blue (Difco) 0.05 g
CaCl2 (Fisher Certified) 0 . 2 g
n h 4ci (Fisher Certified) 0.3 g
MgCl 2 *6H20 (Fisher Certified) 0.5 g
kh 2 po4 (Fisher Certified) 1.35 g
k 2 hpo4 (Fisher Certified) 1.65 g
Na 2 S2 0 3 *5H20 :(Fisher Certified) 5.0 g
Oxoid Ionagar #2 10.0 g
Distilled Water 1000 ml
pH 7.2
Thiobacill'lls thioparus colonies on this medium were vivid 
yellow. A number of colonies from Medium C were inoculated 
into Medium B and Nutrient Broth (Difco).
In 1968 T. thiooxidans was enumerated in 10 ml tubes 
of the following medium:
Medium D
MnCl 2 *4H20 (Mallinckrodt Analytical) 1.0 mg
FeCl3 *6H20 (Mallinckrodt Analytical) 1.0 mg
n h 4ci (Fisher Certified) 0.6 g
kh 2 po4 (Fisher Certified) 2.0 g
Na 2 S2 03 *5H20 (Fisher Certified) 5.0 g
Synthetic Seawater (Lyman and Fleming,1940)100 ml
Distilled Water 900 ml
pH 4.8
Tubes were incubated for 3 weeks at ambient temperature and 
were observed for turbidity or pellicle, drop of pH, and 
oxidation of thiosulfate.
Higher counts were obtainable with the following 
modification of Starkey's medium (1925). Therefore, it was 
used during 1969. Five ml tubes were sterilized by flowing 
steam at 100 C for 30 min.
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Medium E
MnCl 2 *4H20 (Mallinckrodt Analytical) 1 . 0 mg
FeCl3 *6H20 (Mallinckrodt Analytical) 1 . 0 mg
brom phenol blue (Fisher Certified) 0.05 g
CaCl 2 (Fisher Certified) 0 . 2 g
n h 4c i (Fisher Certified) 0.3 g
MgCl 2 *6H20 (Fisher Certified) 0.5 g
kh2 po4 (Fisher Certified) 3.0 g
Distilled Water 1 0 0 0 ml
pH 4.5
Sublimed sulfur (Fisher) was added separately to each tube 
(0.05 g). Tubes were incubated on a rotary shaker at 
ambient temperature for 3 weeks and were observed for 
turbidity, wetting of sulfur, and drop of pH.
Medium E, with 5.0 g/liter Na 2 S2 C>3 *5 H 2 0  (Fisher 
Certified) substituted for the sulfur, was called Medium F.
T. denitrificans was enumerated during 1968 using 
10 ml tubes of the following medium. Tubes of this medium 
contained Durham tubes in order to observe the production 
of gas.
Medium G
FeS04 *7H20 (Mallinckrodt Analytical) 0 . 0 1 g
n h 4ci (Fisher Certified) 0.5 g
NaHC03 (Fisher Certified) 1 . 0 g
kno 3 (Fisher Certified) 2 . 0 g
KH 2 p0 4 (Fisher Certified) 2 . 0 g
Na 2 S 2 C>3 * 5H20 (Fisher Certified) 5.0 g
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Synthetic Sea Water (Lyman and Fleming, 1940) 100 ml 
Distilled Water 900 ml
pH 7.0
After 3 weeks of incubation at ambient temperature in an 
atmosphere of 90% N 2 , 10% CO2 , tubes were observed for drop 
of pH, turbidity, oxidation of thiosulfate, and gas produc­
tion.
During 1969, 5 ml tubes of the following medium were 
used instead of Medium G. Both media (G and H) are modifi­
cations of that of Baalsrud and Baalsrud (1954).
Medium H
FeS04 *7H20 (Mallinckrodt Analytical) 0 . 0 1 g
brom thymol blue (Difco) 0.05 g
n h 4c i (Fisher Certified) 0.5 g
NaHC0 3 (Fisher Certified) 1 . 0 g
MgCl 2 *6H20 (Fisher Certified) 2 . 0 g
kno 3 (Fisher Certified) 2 . 0 g
kh 2 po4 (Fisher Certified) 2 . 0 g
Na 2 S 2 0 3 •5^0 (Fisher Certified) 5.0 g
Distilled Water 1 0 0 0  ml
pH 7.0
Tubes were incubated in an atmosphere of 90% N2 , 10% CO 2 at 
ambient temperature for 3 weeks. They were then observed 
for turbidity, drop of pH, oxidation of thiosulfate, and 
gas production.
The media and methods for the various thiobaciili 
used in 1968 and 1969 were compared on a number of occasions.
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On 3/27/69 and 5/20/69, water samples from 5.0 and 6.5 m 
were supplemented with 0, 102 , and 104/100 ml of T. thio­
parus , T. thiooxidans, and T. denitrificahs. The inoculum 
of T_. thioparus consisted of a four-day slant of strain 
#MS-5 on Medium C (without pH indicator). The T. thiooxidans 
inoculum was a four-day slant on Medium F (plus 10.0 g/ 
liter Oxoid Ionagar #2, without pH indicator) of strain 
#MS-11. The inoculum of T. denitrifleans was a six-day stab 
in Medium H (without pH indicator) of strain #C. The 
organisms were resuspended in 10% synthetic seawater (Lyman 
and Fleming, 1940) and the cell count determined by direct 
microscopic count. On 11/7/69 the two most probable number 
procedures for T. thioparus were compared with colony counts 
on spread plates of Medium C. Water samples from 5.5 and 
6 . 2  m were supplemented with 0 , 1 0 2 , 1 0 2 , 1 0 4 , 1 0 2 , 1 0  ^
cells/100 ml of a four-day culture of strain #MS-5 in 
Medium B.
Pure Cultures of Thiobaciili. Colonial isolates of 
thiobaciili were obtained from most probable number tubes 
by streak plating on agar media of the same composition. 
Plates for T. thioparus and T. thiooxidans were incubated 
in 90% N 2 f 10% CC>2 . Pure cultures were obtained by two 
successive subcultures from single colonies. Contamination 
was also checked microscopically and by inoculating into 
tubes of Nutrient Broth (Difco) and Medium R (without 
agar) which is described below.
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The origin of type cultures and Oyster Pond isolates 
of thiobaciili is described below:
T. thioparus (#A) supplied by J. M. Shively, originally
isolated by R. L. Starkey
" (#MS-5) Oyster Pond (7/29/68, 5.0 m)
T. thiooxidans (#B) A.T.C.C. #8085
" (#MS-11) Oyster Pond (7/29/68, 5.0 m)
T. denitrificans (#C) A.T.C.C. #23644
" (#MS-17) Oyster Pond (9/8/68, 5.6 m)
Thiobacillus sp. (#MS-25 Oyster Pond (8/14/69, 4.0 m)
The taxonomy of the various isolates was determined 
by comparing them with type cultures. For these comparative 
studies, the following techniques were used:
Gram stain: Hucker modification
Cell morphology and motility: Phase contrast - wet mounts
Colonial morphology: (7 days)
T. thioparus - Medium C (without pH indicator)
T. thiooxidans - Medium F (plus 10.0 g/liter Oxoid
Ionagar #2, without pH indicator)
T. denitrificans - Medium H (without pH indicator) in
air and in 90% N2 , 10% CO^
Temperature relationships: Colonial growth on above solid
media observed at 4, 20, 28, 37; and 55 C for 3 weeks. 
pH relationships: Colonial growth on solid media at pH 3.0,
4.0, 5.0, 6.0, 7.0, 8.0, 9.0 observed for 3 weeks 
Anaerobic growth and gas production: Tubes of liquid media
containing Durham tubes - air vs 90% N2 , 10% CO 2  . (2 .
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weeks)' T.' th'i'opa:rUs and' T.: dehlttlfio'ahg - Medium H 
T. thiooxidans - Medium H at pH 4.5 
Growth on thiosulfate: various liquid media
Growth on elemental sulfur: various liquid media
Final pH: (2 weeks)
T. thioparus - Medium H
T. denitrificahs ~ Medium H; 90% N 2 , 10% CO 2  
T. thiooxidans - Medium H at pH 4.5 vs same medium with
1 0 . 0  g/liter sulfur substituted for 
thiosulfate
Growth in organic media: Nutrient Broth (Difco) and Medium
R below
Rating of growth (colony size on agar media; turbidity and 
drop of pH in liquid media)
++++ luxuriant growth 
+++ good growth 
++ fair growth 
+ slight growth 
t questionable growth 
0 no growth
Stock cultures of T. thioparus were maintained on 
slants of Medium C (without pH indicator). T. thiooxidans 
was maintained on slants of Medium F (plus 10.0 g/liter 
Oxoid Ionagar #2, without pH indicator). Stock cultures of 
T. den itrif ican s were maintained in stabs of Medium H (with­
out pH indicator). Cultures were grown at ambient temperature 
for 4 to 6 days and then were stored for 2 weeks at 4 C before 
transferring.
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Culture' of' Hetero trophic1 Thiosulf ate' Oxidizing 
Organisms. A number of heterotrophic thiosulfate oxidizing 
microorganisms were isolated from MPN tubes for thiobaciili 
in which the pH had risen substantially during thiosulfate 
oxidation. Culture was attempted using the media for the 
autotrophic thiobaciili as well.
Modifications of Starkey's medium (1935) for T. 




(Mallinckrodt Analytical) 1 . 0
FeCl3 *6H20 (Mallinckrodt Analytical) 1 . 0
NH 4 C1 (Fisher Certified) 0 . 6
kh 2 po 4 (Fisher Certified) 4.0
k 2 hpo 4 (Fisher Certified) 4.0
Na 2 S 2 0 3 *5H20 (Fisher Certified) 1 0 . 0
Synthetic Seawater (Lyman and Fleming, 1940) 1 0 0
Distilled Water 900
pH 6 . 6
For subculture from MPN tubes, the medium was supplemented 
with either: A. 0.1 g/liter DL-asparagine (Eastman);
B. 0.1 g/liter Bacto-peptone; C. 0.1 g/liter glucose (Difco 
Certified); or D. 0.1 g/liter yeast extract (Fisher). For 
plating, the medium was supplemented with 15.0 g/liter 
Bacto-agar plus 1.0 g/liter Bacto-peptone.
In an experiment to determine the effects of organic 
matter and thiosulfate on isolates, the medium was used with
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the following additions and deletions: E. plus 0.2 g/liter
Bacto-peptone, without thiosulfate; F. plus 0.2 g/liter 
Bacto-peptone; and G. no additions or deletions. Cultures 
were followed with pH measurement, thiosulfate titrations, 
and direct microscopic counts.
On two occasions, a number of colonies were picked 
from nutrient agar plates in a random manner. These were 
inoculated into tubes of Medium I (plus 1.0 g/liter Bacto- 
peptone) . After one week at ambient temperature, tubes were 
checked for growth, thiosulfate oxidation, and pH change.
Enrichment Cultures for Other "Colorless Sulfur 
Bacteria". On 1/15/70 samples from 3.0 and 6 . 5 m  were 
obtained through the ice using a Niskin Sterile Sampler. 
Enrichments were set up in the following manner:
A. Unaltered water sample - 2000 ml - 4 C
B. Unaltered water sample - 2000 ml - 20 C
C. Air removed by bubbling N 2 for 2.5 hr, followed 
by 3 min with C02  - 2000 ml - 20 C
D * Beggiatoa enrichment technique of Faust and Wolfe
(1961). Dried straw was extracted with boiling 
water eight times and then dried, and 5.0 g was 
then added to 2000 ml flasks and autoclaved. The 
water sample ( 2 0 0 0  ml) was added and the flask 
incubated at 20 C.
E * Thiovuium enrichment technique suggested by C.
Wirsen, Woods Hole Oceanographic Institution; 
modified from techniques of LaRiviere (1963). In
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this method a constant source of sulfide is provided; 
this consists of 10 mM ^ 2 8 *9 ^ 0  (Fisher Certified) 
contained in a length of 10 mm tubing fitted with 
a sterile dialysis membrane, extending to the 
bottom of a 4000 ml flask. The flask contained 
2000 ml 10% synthetic seawater which was pre­
equilibrated with the sulfide source for 24 hr; 
the liquid in the flask then contained 6 to 7 ppm 
sulfide. The water sample (2000 ml) was then 
added. There was also a constant supply of air; 
this localized source of aeration was adapted from 
that of LaRiviere (1963). It consisted of a capil­
lary pipette with a glass tube sealed around its 
drawn out end. The outer tube extended about 2 to 
3 cm further into the water than the tip of the 
pipette; it also had a vent hole above the water 
line. Filter sterilized air was then bubbled very 
slowly into the medium. The sulfide source was 
replenished every 3 to 4 days and the dialysis 
membrane aseptically changed at weekly intervals.
The enrichment cultures were continued for 8 weeks 
and the pH, oxygen, and sulfide were periodically checked.
The MPN of T. thioparus was also determined on occasion.
The bulk of the examination was microscopic; routinely, wet 
mounts of water, precipitated material on the bottoms of 
flasks, and floes of growth were examined using phase- 
contrast. In addition to the gram stain, organisms in the
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enrichments were stained for volutin and lipoidal inclusions 
as indicated, and inclusions were pyridine-extracted to 
remove elemental sulfur.
The method of Scotten and Stokes (1962) was used to
stain volutin. Dried films were fixed by immersing in
methanol for 3 min, washed with water, and stained with 1.0% 
Bacto-methylene blue for 2 min. The slides were washed 
with water and wet mounts were prepared and sealed with 
paraffin. Volutin stains deep blue with this procedure.
Lipoidal inclusions were stained with 0.3% Sudan
black B (Harleco) in 70% ethanol according to the method of
Scotten and Stokes (1962). Equal amounts of stain and liquid 
material from enrichments were mixed on a slide, wet mounts 
prepared, and the slides sealed with paraffin. Burdon's 
method, which consists of staining dried films with the 
above Sudan black B solution, washing with xylene, and 
counterstaining with 0.5% safranin (Difco), was also employed. 
In either case, lipoidal inclusions stain very dark blue.
To remove inclusions of elemental sulfur, specimens 
were mounted under cover slips and pyridine was drawn 
through by placing a drop on one side and a piece of filter 
paper on the other (Skerman, et al., 1957) . The extraction 
was observed microscopically.
Cultural and Optical Techniques for Photosynthetic 
Sulfur Bacteria. Liquid enrichment cultures using duplicate
1.0 ml inocula were used to demonstrate the presence of
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photosynthetic sulfur bacteria.
The medium of Larsen (1953) was used for' ChTorobium.
The medium was prepared just before use. Sixty ml glass 
stoppered bottles were used and the bottles were filled 
completely to exclude air.
Medium J
FeCl3 *6H20 (Mallinckrodt Analytical) 0.5 mg
MgCl2 *6H20 (Fisher Certified) 1.0 g
n h 4ci (Fisher Certified) 1.0 g
KH0PO. 2 4 (Fisher Certified) 1.0 g
Na2S*9H20 (Fisher Certified) 1.0 g
NaCl (Fisher Certified) 1.0 g
NaHC03 (Fisher Certified) 2.0 g
Distilled Water 1000 ml
pH 7.3
Bottles were incubated at ambient temperature six inches 
from a 50-watt incandescent bulb for 3 weeks. Due to the fact 
that purple sulfur bacteria developed in this medium as well, 
the bottles were checked often for growth.
Pure cultures were isolated using the same medium 
with the addition of 10.0 g/liter Oxoid Ionagar #2. A 
series of 1:10 dilutions from positive enrichments were 
added to tubes to which the medium was added. After the 
agar hardened, it was overlaid with a plug of the same agar 
medium. Tubes were incubated at ambient temperature about 
six inches from a 50-watt incandescent bulb until colonies 
appeared.
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Similar techniques were used for the purple sulfur 
bacteria. The medium was adapted from the one described by 
Skerman (1967) for culture of Chromatium and had the fol­
lowing composition:
Medium K
FeCl3 ’6H20 (Mallinckrodt Analytical) 0.5 mg
NH^Cl (Fisher Certified) 0.1 g
K ^ P O ^  (Fisher Certified) 0.1 g
NaCl (Fisher Certified) 0.1 g
Na2S*9H20 (Howe and French) 0.1 g
NaHCC>3 (Fisher Certified) 2.0 g
Distilled Water 1000 ml
pH 7.8
Preparation and incubation were similar to the methods used 
for Chlorobium, and the above medium, with the addition of
10.0 g/liter Oxoid Ionagar #2 was used for isolation.
The unique absorption spectra of the photosynthetic 
bacteria was used as a tool for relative quantitative data 
for water samples from the pond and for characterization of 
cultures. The spectrophotometers employed were a Zeiss PMQ 
II and a Bausch and Lomb Spectronic 600.
"In vivo" spectra were obtained by adding the cul­
ture or pond water to cuvettes. "In vitro" absorption 
spectra were performed using methanol extracts. The method, 
essentially that of van Gemerden (1967), consisted of fil­
tering water samples (50 ml was usually used) or cultures 
through 0.3 yu glass fiber filters (Gelman type A) in semi­
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darkness and washing with distilled water . The filters 
were then extracted with 10 ml methanol (Fisher Certified) 
and the spectra measured using one cm cuvettes. For water 
samples, the wave lengths 660 mp: and 770 mp were used for 
relative indexes of abundance of green and purple sulfur 
bacteria, respectively, as recommended by van Gemerden.
Enrichment Cultures for Other CheWolitho'tr'ophic 
Bacteria. Liquid enrichment cultures using triplicate 1.0 
ml inocula were used to demonstrate the presence of other 
chemolithotrophic bacteria. So that the final concentra­
tions of the media constituents would equal those given 
below, 1.0 ml inocula were added to 9 ml of 10/9 concentrates 
of the following media.
The medium of Harrington and Kallio (1960) was used 
for Methanomonas-like organisms:
Medium L
FeS04 ‘7H20 (Mallinckrodt Analytical) 0.05 g
MgS04 •7H20 (Fisher Certified) 0.2 g
(n h 4)h 2p o 4 (Baker Analyzed) 0.8 g
k 2h p o 4 (Fisher Certified) 1.5 g
methanol (Fisher Certified) 10.0 ml
Distilled Water 990 ml
pH 7.0
Tubes were incubated at ambient temperature for 3 weeks and 
were observed for pellicle or turbidity. Uninoculated tubes
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and tubes without methanol were included as controls.
The medium of Schatz and Bovell (1952) was used to 
cultivate Hydrogenomonas;
Medium M
FeS04 •7H20 (Mallinckrodt Analytical) 0.01 g
CaCl2 ’2H20 (Fisher Certified) 0.01 g
MgS04 *7H20 (Fisher Certified) 0.2 g
NaHC03 (Fisher Certified) 0.5 g
k h 2p o 4 (Fisher Certified) 1.0 g
NH4N03 (Baker Analyzed) 1.0 g
Distilled Water 1000 ml
pH 7.0
Tubes were incubated at ambient temperature in an atmos­
phere of 10% C02 , 30% air, and 60% H2 for 3 weeks and 
observed for turbidity. Uninoculated tubes and tubes incu­
bated in air served as controls.
Wolfe's medium (1958) was used for Gallionella. 
Sterile FeS precipitate, prepared by the method of Kucera 
and Wolfe (1957) from equimolar quantities of Na2S*9H20 
(Fisher Certified) and Fe (NH4) 2S04 • 6H20 (Mallinckrodt 
Analytical), was mixed with an equal volume of sterile 2.0% 
Oxoid Ionagar #2. Two ml of this mixture were added to 
sterile screw cap tubes and slanted. After solidification,
85
the following sterile salts medium was added:
Medium N
CaCl2 (Fisher Certified) 0 . 1 g
MgS0 4 *7H20 (Fisher Certified) 0.4 g
k 2 hpo 4 (Fisher Certified) 0.5 g
NH 4 C1 (Fisher Certified) 0 . 1 g
Distilled Water 900 ml
Tubes bubbled with filter sterilized C02 ; 
this yielded a pH of about 6.5
Tubes were incubated at ambient temperature with their caps 
tightly closed for 3 weeks. They were observed for the 
presence of the characteristic "growth ring" and the pre­
sence of Gailionella was confirmed microscopically. Uninocu­
lated control tubes were included as well.






(Fisher Certified) 0.01 g
(Fisher Certified) 0.05 g




(Mallinckrodt Analytical) 0.15 g
1 . 0  g
0.5 g
Distilled Water 1 0 0 0  ml
PH 4.5
Tubes were incubated at ambient temperature for 3 weeks 
and observed for oxidation of iron visually and using a 
permanganate titration:
Standard Permanganate: 3.2 g KMn04  (Mallinckrodt
Analytical) per liter. Boil 10 to 15 min, let 
stand overnight, and filter through filter paper 
(Eaton-Dikeman). Standardize with 0.1 N Na 2 C 2 0 4  
(Mallinckrodt Analytical).
Titration: 5.0 ml culture filtered with filter
paper (Eaton-Dikeman) + 10 ml 50% (v/v) H 2 S04  
(Fisher Reagent) + 10 ml saturated HgCl2 (Fisher 
Certified) + 20 ml MnS0 4 solution (51 g MnS0 4 *H20 
(Mallinckrodt Analytical) per liter of 13.8% (v/v) 
H 3 PO4  (Fisher Certified), 13.0% (v/v) H 2 SO4  
(Fisher Reagent)). Mixture titrated with KMn04  
until a permanent pink color is evident. 
Uninoculated control tubes were included.
Media described by Skerman (1967) were used for the




NaMo04 •2H20 (Fisher Certified) 1 . 0 mg
MnCl2 *4H20 (Mallinckrodt Analytical) 2 . 0 mg
FeS04 *7H20 (Mallinckrodt Analytical) 0.05 g
CaCl2 (Fisher Certified) 0 . 0 2 g
MgS04 *7H20 (Fisher Certified) 0 . 2 g
k 2 hpo 4 (Fisher Certified) 1 . 0 g
NH 4 C1 (Fisher Certified) 1.5 g
Distilled Water 1 0 0 0 ml
PH 8.5
Medium Q
NaN0 2 (Fisher Certified) 3.0 g
substituted for NH 4 CI in Medium P.
Tubes were incubated at ambient temperature on a rotary 
shaker for 3 weeks and were observed for turbidity and the 
appearance of nitrite in Medium P and nitrate in Medium Q. 
The following spot tests described by Pramer and Schmidt 
(1965) were used to test for these end products:
Nitrite: 0.5 ml sample + 3 drops solution A
(1.0% sulfanilic acid (Fisher Certified) in 30%
(v/v) glacial acetic acid (Fisher Reagent)) +
3 drops solution B (0.3% alpha naphthylamine 
(Fisher Reagent) in 30% (v/v) glacial acetic acid 
(Fisher Reagent)). A red color indicates the 
presence of nitrite.
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Nitrate: Destroy any nitrite present by boiling
5 ml sample + 3 ml solution A for 3 min or longer. 
Perform the test as for nitrite; there should be 
no color. Then add app. 1-5 mg acid-washed zinc 
dust (Fisher Certified). The development of a red 
color indicates the presence of nitrate. 
Uninoculateitubes and tubes without nitrite or ammonium 
served as controls.
Enumeration of Heterotrophic Bacteria. Aerobic 
heterotrophic bacteria were enumerated by spread plating 
0.1 ml inocula on Nutrient Agar (Difco) plates. On one 
occasion (7/29/68), the following medium was used as well:
Medium R
Bacto-peptone 1.0 g
Yeast extract (Fisher) 1.0 g
Bacto-agar 15 g
Synthetic Seawater (Lyman and Fleming, 1940)750 ml
Distilled Water 250 ml
pH 7.5
Usually, duplicate plates at each dilution were employed. 
Plates were incubated at ambient temperature for one week 
before counting macro colonies.
Anaerobic heterotrophic bacteria were enumerated by 
spread plating on Nutrient Agar (Difco) plus 0.5 g/liter 
sodium thioglycollate (Baltimore Biological Laboratory). 
Plates were incubated in an atmosphere of 90% ^ , 10% CO2  
at ambient temperature for one week.
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Anaerobic heterotrophic bacteria were also enumerated 
in deep agar tubes of the same medium. These were prepared 
by mixing 0.1 ml inocula with 5 ml of the melted medium (45 C) 
in 13 x 100 mm tubes. After this medium had solidified an 
additional 2 cm overlay of the same medium was added. Tubes 
were incubated at ambient temperature for one week before 
colonies were counted.
Enumeration of Sulfide-Producing Bacteria« Deep 
agar tubes were also employed for the enumeration of dis- 
similatory sulfate-reducing bacteria. The medium was that 
of Postgate (1963):
Medium S
ascorbic acid (Fisher) 0 . 1 2 g
sodium thioglycollate (B.B.L.) 0 . 1 g
CaCl2 (Fisher Certified) 0.5 g
KH2P°4 (Fisher Certified) 0.5 g
FeS04 ‘7H20 (Mallinckrodt Analytical) 0.5 g
NH 4 CI (Fisher Certified) 1 . 0 g
Na 2 S04 (Fisher Certified) 1 . 0 g
yeast extract (Fisher) 1 . 0 g
MgS0 4 *7H20 (Fisher Certified) 2 . 0 g
sodium lactate (Fisher) 3.5 g
Bacto-agar 2 0 g
Distilled Water 1 0 0 0 ml
PH 7.6
Inoculated tubes were overlaid with a 2 cm plug of the same 
medium and incubated at ambient temperature until there was
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no further increase in the number of blackened colonies ( 3  
to 16 days).
Non-specific sulfate-reducing bacteria were enumerated 
by a similar deep agar tube colony count. Modifications of 
the medium of Ivanov and Terebkova (1959a) were employed:
Medium T
Aerobic: Nutrient agar (Difco) plus
Ferrous ammonium citrate (Fisher) 0.2 g/liter
L-cystine (Eastman) 0.2 g/liter
Medium U
Anaerobic: Aerobic medium plus Sodium
thioglycollate (Baltimore
Biological Laboratory) 0.5 g/liter
Tubes of the anaerobic medium were overlaid with a 2 cm plug
of the same medium. Tubes were incubated at ambient 
temperature until no further increase in the number of 
colonies was noted.
As a check on the specificity of these enumeration 
procedures, 1 0  colonies from each of the above media were 
inoculated as stabs into all three of the media. Tubes were 
inspected daily for two weeks for growth and sulfide 
production.
Productivity Studies Using N a H C ^ O ^
Fixation of radioactive bicarbonate was used to 
measure productivity. The procedure was essentially that of 
Steemann-Nielsen (1952) as modified by Strickland and Parsons 
(1965). From each depth under study, 500 ml of water was
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added to a series of glass-stoppered 500 ml bottles. Some 
of the bottles were covered with black electrical tape as 
well as with aluminum foil (dark bottles) and some were 
uncovered (light bottles); usually duplicate light bottles 
and duplicate dark bottles were used. One or two ml ampoules 
of NaHC - ^ 0 3  (supplied directly by New England Nuclear Corp. 
(#NES-086S) or prepared according to Strickland and Parsons 
(1965) using New England Nuclear Corp. #NEC-086H NaHC^C^) , 
containing either 1, 5, or 10 ;uC were added to each bottle. 
Prior to the start of incubation, bottles were kept in the 
dark and were handled with minimal agitation. The bottles 
were attached to weighted lines with floats for "in situ" 
incubation (at the depth of collection) for a known time 
period (3 to 5 hr), taking advantage of the mid-day sun 
(1100 to 1500 hr). At the end of the incubation period,
1.7 ml neutralized formalin (Fisher Certified) was added to 
stop biological activity. Also, blank bottles were collected 
from the various depths; these were prepared by adding the 
formalin within one min after the C1^ was added. The bot­
tles were refrigerated until filtration.
After thorough shaking, aliquots (usually 25 ml) 
were filtered through 0 .4 5 / 1  membrane filters (Millipore) 
with no more than 15 in of Hg vacuum, followed by a wash 
with 10 ml 10% synthetic seawater (Lyman and Fleming, 1940). 
The membranes were attached to planchets with rubber cement, 
dried at room temperature in a dessicator containing "Dri- 
erite" and "Ascarite", and counted using either a Nuclear
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Chicago or a Baird Atomic end window gas flow detector, typi­
cally for 3 or 5 min.
The procedure outlined by Strickland and Parsons
(1965) was used to determine the counting rate (R) to be
expected from the entire activity of the ampoules. Aliquots 
of dilutions of the ampoules were mixed with a known additional 
amount of carbonate followed by precipitation of the car­
bonates with barium hydroxide. The precipitate was collected 
on membrane filters and counted using the same geometry as 
used for counting samples. Using a self-absorption correc­
tion curve, prepared with a fixed amount of C"^ and varying 
"thicknesses" of BaCC>3 , the zero thickness count was extra­
polated. This count, corrected for dilutions, is equal to R.
The CO 2  fixation rate (productivity) was calculated 
by the formula:
mg c/m3/hr = (fe-Bb;); (w) (1.05) <F)
where Rs is the number of cpm of the sample; Rb is the number
of cpm of the blank; W is the total inorganic carbon content
O
of the water in mg C/m ; the factor 1.05 allows for the 
fractionation of the carbon isotopes; F is a dilution factor;
R is the normalized counting rate to be expected from the 
entire activity of the ampoule; and N is the number of hr of 
incubation.
On one occasion (7/29/68) 0.4 g/liter Na 2 S2 0 g*5 H2 0  
(Fisher Certified) was added to a series of light and dark 
bottles prior to incubation to determine if thiosulfate might 
be a limiting nutrient.
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In order to assess the relative importance of various 
types of dark C0 2  fixing organisms, an experiment to test the 
effect of various single substrates was performed (8/16/69). 
The population in a water sample from 5.0 m was spun down in 
a refrigerated centrifuge at 5000 G for 10 min and resuspended 
in an equivalent amount of Basal Medium, designed to be simi­
lar to pond water, to which the various substrates were added.
Basal Medium
MnCl2 *4H20 (Mallinckrodt Analytical) 1 . 0 mg
FeCl3 *6H20 (Mallinckrodt Analytical) 1 . 0 mg
nh 4 no 3 (Baker Analyzed) 1 . 0 mg
NaHC03 (Fisher Certified) 1 0 0 mg
KH2p°4 (Fisher Certified) 150 mg
K2HP°4 (Fisher Certified) 350 mg
Synthetic seawater (Lyman and Fleming, 1940) 1 0 0 ml
Distilled Water 900 ml
pH adjusted to 7.0 after addition of substrates.
50 ml quantities of the resuspended populations were added 
to 60 ml glass-stoppered bottles.
The following substrates were used: H 2  gas (Matheson)
bubbled at a rate of approximately 180 bubbles/min using a 
capillary pipette for 30, 60, or 120 sec; FeSC^’V ^ O  
(Mallinckrodt Analytical) (1 mM); NH 4 CI (Fisher Certified) (1, 
5, or 10 mM); NaN02 (Fisher Certified) (1, 5, or 10 mM); 
sublimed sulfur (Fisher) (1, 5, or 10 mM) plus 100 ppm Tween 
80 (Difco); Na 2 S 2 0 3 *5H20 (Fisher Certified) (1, 5 or 10 mM); 
glucose (Difco Certified) (1, 5, or 10 mM). The H 2 was
bubbled after the addition of the solution; all other
substrates were added prior to adding the C ^ .  To one series 
of bottles, all of the above substrates were added (in 
their lowest concentrations); to another group, none of the 
above substrates were added. Triplicate bottles with each 
of the various substrates were used; 0.5 ml formalin (Fisher 
Certified) was added to one of each set immediately after 
the addition of the to serve as a blank. One uC 
ampoules (pH adjusted to 7.0) were added to each bottle.
After an incubation period of 3 hr in the dark in a 20 C 
incubator, 0.5 ml formalin was added to each bottle. Ali­
quots were filtered and counted as in the general productivity 
procedure; results are expressed in cpm per liter.
On two occasions varying numbers of a pure culture 
of T.: thioparus were added to water samples prior to incu­
bation in the presence of NaHC^^O^ (5.0 w  C), In each case 
the inoculum was a four-day culture of strain #MS-5 in
Medium B. On 7/28/69, to triplicate 500 ml dark bottles
2 2 ^containing water from 4.5 and 5.0 m, 0, 10 , 5 x 10 , 10J 
and 5 x 10 cells/100 ml (determined by direct microscopic 
count) were added. One bottle from each set served as a 
blank. After "insitu" incubation for 4.0 hr, aliquots 
were filtered and counted as in the general productivity 
procedure. On 11/8/69, water from 5.5 and 6.25 m was used 
and 0 , 1 0 2 , 1 0 3, 1 0 ^, 1 0  ^ and 1 0  ^ cells/ 1 0 0  ml were added; 
bottles were incubated in the dark in a 20 C incubator for
3.5 hr, after which aliquots were filtered and counted. In
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each case, the inorganic carbon in thei water was also deter­
mined and results expressed in mg C/m3 /hr.
On another occasion (3/5/70) a similar experiment 
was performed using a pure culture of the same organism sus­
pended in either the above Basal Medium plus 0.5 g/liter 
Na 2 S 2 0 3 *5 H 2 0  (Fisher Certified) or Medium B. To 500 ml bot­
tles 0 , 1 0 3 , 1 0 ^, 1 0 3 and 1 0  ^ cells/ 1 0 0  ml were added.
Bottles were incubated in the dark at 20 C for 5.0 hr. The 
inorganic carbon content of the media was determined and 
results presented in mg C/m 3 /hr.
Oxidation of Sulf ide' Using' S33. The procedure used 
by Ivanov (1957) for measuring the oxidation rate of sulfide 
were modified slightly. In this method, water samples are 
incubated in the presence of S33-sulfide and then the uptake 
of radioactive sulfur in each of various fractions (sulfide, 
sulfur, sulfate, cells) determined.
The radioactive solution was prepared as follows:
1.0 mC of Na 2 S 3 3  (New England Nuclear Corp. #NEX-29) was 
dissolved in 1 0 0 0  ml oxygen-free (prepared by bubbling N 2  
for 2.5 hr) 0.1 N NaOH (Fisher Certified). This stock solu­
tion should have an activity of 1.0 /iC per ml. The stock 
solution was overlaid with mineral oil and stored by freezing. 
Just prior to use, a portion of the stock solution was 
diluted in oxygen-free 0.01 N NaOH, the pH adjusted to 7.5, 
and this working solution was sealed in 1 . 0  ml ampoules 
which were handled with minimal agitation before use.
96
Nominal concentrations of labelled sulfide in the working 
solution were either 0.1 or 0.5 AiC/ml as of 6/23/69. The 
initial concentrations of the various labelled constituents 
were determined by diluting ampoules in 60 ml oxygen-free 
distilled water + 1.0 ml 0.1 M C d C ^  (Mallinckrodt Analytical) 
and then subjecting this suspension to the procedure described 
below.
From each depth under study, 60 ml was added to a 
series of glass-stoppered 60 ml bottles. Light and dark 
bottles and bottles with 0.2 ml neutralized formalin (Fisher 
Certified) added were prepared; duplicates of each were used. 
An ampoule of the solution was added to each bottle
which was incubated "in situ" for 24 hr. The initial sul­
fide level (in ppm) at that depth was determined at the 
start of each experiment. In the bottles containing formalin, 
only abiotic oxidation would be expected to occur; in dark 
bottles without formalin, non light-dependent biological 
oxidation would occur as well; abiotic, non-photosynthetic 
biological, and photosynthetic biological oxidation would 
all be expected to occur in light bottles without formalin.
After incubation, 1.0 ml 0.1 M C d C ^  (Mallinckrodt 
Analytical) was added to each bottle, precipitating any 
residual sulfide as CdS. The bottles were kept on ice prior 
to analysis which was not delayed for more than 2 hr. A 
flow chart illustrating the assay procedure is shown in 
Fig. 3 . Aliquots (10.0 ml) were filtered with 0.45 m  mem­
branes (Millipore) and washed with 5 ml distilled water.
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The membranes were attached to planchets with stop-cock 
grease, applying only a small amount to the edges of the 
membranes, dried at 30 C in a vacuum desiccator over silica 
gel, and counted with a gas flow detector. This was count 
#1 and would include sulfide as CdS, elemental sulfur, and 
cells. The planchets were then placed in a desiccator in 
the proximity of a beaker of concentrated HC1 for one hr.
(It has been determined that this amount of time in the 
presence of HC1 fumes was sufficient to liberate all the 
sulfide as gaseous H 2 S.) The desiccator was connected to a 
0.1 M CdCl2 trap to avoid contamination of the laboratory 
atmosphere with radioactive H 2 S. The planchets were counted 
again (count #2 ) and this would include elemental sulfur plus 
cells. The elemental sulfur was then extracted repeatedly 
with benzene; after drying, the membranes were counted again 
(count #3). The original filtrate was mixed with 3.0 ml 10% 
BaCl2 (Fisher Certified) in 4.8% (v/v) HC1 (Fisher Reagent). 
The precipitated BaSO^ was then collected on 0.45 /j mem­
branes (Millipore) and washed with distilled water. After 
drying, these membranes were counted as above. It was found 
that more complete extraction of elemental sulfur could be 
obtained by extracting with benzene in the filter holder 
prior to acid extraction; therefore, the procedure for 
8/15/69 and thereafter was modified in this manner.
According to Ivanov (196 8 ) the self absorption in
35CdS precipitates is significant only when the sulfide 
exceeds 0.5 mg/cm 2 of filter area. Because, with the size
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of aliquot used, the sulfide level did not exceed this amount, 
no self absorption correction was applied.
Results, in most cases, were expressed as cpm (-blank) 
and as percentage of the total cpm appearing in each frac­
tion. Some of the results were also expressed as rates, as 
calculated by Ivanov (1968):
_ ........ r .(S")*24
mg S/liter/day= --- ------
where (S=) is sulfide in the water sample in ppm; R = % 
labelled sulfide initially; r = % labelled sulfur in the 
product under consideration at the end of the test; and 
t = duration of the test in hr.
On one occasion (11/8/69), 0, 10^, 10^, and 10® 
cells/100 ml of T. thiop'arus were added to dark bottles 
containing 60 ml water from 6.2m. The inoculum was a four- 
day culture of strain #MS-5 in Medium B. Duplicate bottles 
with formalin added and duplicate bottles without formalin 
were used. Bottles were incubated at 20 C for 24 hr.
A similar experiment was also performed on 3/11/70 
using a pure culture of the same organism suspended in the 
Basal Medium used in some of the productivity experiments 
plus 1.0 mg/liter sulfide (Fisher Certified Na 2 S*9 H 2 0 ). To
p A
60 ml dark bottles with and without formalin, 0 , 1 0  , 1 0  ,
10®, and 10® cells/100 ml were added. Bottles were incubated 
for 24 hr at 20 C. In this case, the soluble fraction was 
also analyzed; this was done by evaporating aliquots of the 
filtrate from the sulfate analysis in planchets.
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RESULTS
Physical and Chemical Data
When studying the ecology of aquatic bacteria it is 
necessary to consider the physical and chemical character­
istics of the environment. In this study, transparency, 
temperature, chlorinity, dissolved oxygen, pH, inorganic 
sulfur compounds, inorganic nitrogen compounds, phosphate, 
and inorganic carbon were determined.
Transparency. Water transparency, measured with a 
Secchi disc, is indicative of the amount of dissolved and 
suspended material in the water and can be used to estimate 
the maximum depth of effective photosynthesis. The maximum 
Secchi disc reading (measured between 1000 and 1400 hr) for 
196 8 and 1969 was 2.0 m (7/2/69) and the minimum was 0.9 m 
(8/24/69) (Table 1). The mean Secchi disc reading of 1.5 m 
corresponded to an extinction coefficient of 1.13. The 
data is summarized in Fig. 4; data obtained by Emery and 
Yentsch in 1964 and 1965 with a photometer is included for 
comparison (Emery, 1969). Very little light penetrated 
below 4 m (less than 5% of surface intensity). This lack 
of transparency is characteristic of eutrophic waters 
(Ruttner, 1966). It has been shown that green light (480- 
580 mju) penetrates natural waters better than other wave­
lengths (Harvey, 1963; Ruttner, 1966). Thus, it is likely 
that the upper and lower wavelengths of visible light were 
even more depleted than the Secchi disc data would indicate.
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Temperature. In addition to providing information 
about the habitat of microorganisms, temperature data can 
be used to estimate the degree of stratification of an aquatic 
environment. Temperature data for 1968 and 1969 are given 
in Table 2. In the mid-summer period, there was a pro­
nounced thermal stratification. The depth of the thermo- 
cline varied between 3.5-5.0 and 5.0-6.0 m. The maximum 
temperature of the hypolimnion was about 20 C, while the 
epilimnetic waters often reached a temperature of 24-27 C.
The development of the thermal stratification during the 
spring and summer of 1969 is shown in Fig. 5. The water 
column was practically isothermal until mid-June when solar 
heating began to warm the epilimnion more rapidly than it 
was mixed. The thermal stratification continued through the 
summer, but occasionally the epilimnion was cooled somewhat, 
probably by mixing with water from the upper metalimnion.
This mixing correlated with periods of cool and windy weather. 
The prevailing wind was from the Southwest and wind speeds 
in excess of 1 0  knots were typical on the southern part of 
the pond. Due to the low shoreline there was very little 
protection from the wind. During the late summer and into 
the fall, a cooling trend was seen in the epilimnion (Table 
2). It is interesting that on 11/7/69 the water at 6 . 5 m  was 
somewhat warmer than the rest of the water column.
Chlorinity. Chlorinity and salinity data are relevant 
with regard to the degree of stratification of the water
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column and the supply of inorganic ions to the various 
strata of the pond. Although the chlorinities observed 
during 196 8 and 1969 were lower than those observed by 
Emery (1969) during 1964 and 1965, a pronounced stratifi­
cation was seen, especially during the summer (Table 3).
Emery (1969) had observed a surface chlorinity ranging, in 
general, from 1 - 2  ppt and a chlorinity in the hypolimnion 
of about 3-6 ppt. If it is assumed that this is merely 
diluted seawater, this chlorinity would correspond to a salinity 
of about 1.8 - 3.6 ppt in the epilimnion and 5.4 - 11 ppt 
in the hypolimnion.
The decrease in chlorinity which evidently occurred 
during the intervening time period may be explained by 
mixing and subsequent flow out of the pond, coupled with a 
lack of any major seawater inflow during the period. It is 
significant to point out that there is a nfet discharge of 
water from Oyster Pond into Vineyard Sound of about 1200 - 
4000 m 3/day (Emery, 1969).
During 1968, epilimnetic chlorinity ranged from 
0.6 - 0.8 ppt (S%*= 1.08 - 1.45 ppt) and that of the hypo­
limnion was as high as 2.47 ppt (S%« = 4.49 ppt) (Table 3).
In general, there was a sharp halocline between 4.5 and 5.5 m. 
During September, mixing occurred, as the epilimnion 
chlorinity increased slightly and a decrease in that of the 
hypolimnion was observed.
Apparently, complete mixing occurred during the 
winter of 196 8-69, since the water column was essentially 
isohaline during March, April, and May, 1969 (Table 3).
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The chlorinity during this period ranged from 0.7 -- 1.0 ppt 
(S%#= 1.3 to 1.8 ppt). During June, however, a distinct 
increase in the chlorinity of the bottom waters was observed 
(Fig. 6 ). By 6/24/69, the hypolimnion had a chlorinity of 
up to 1.57 ppt (S%„ - 2.86 ppt). The increasing trend con­
tinued through the summer and by 7/31/69, a maximum chlorinity 
of 3.94 ppt (S%0 - 7.15 ppt) was observed, whereas that of the 
epilimnion remained low (Fig. 6 ). This increase in chlorinity 
is likely the result of the introduction of seawater via 
the outlet. The halocline during the summer of 1969 was 
between 4.5 and 5.5 m. A very evident circulation occurred 
during the autumn of 1969, as by early November, the chlorinity 
of the entire water column was about 1.0 ppt (S%#= 1.8 ppt) 
(Table 3).
Thus, a strongly developed stratification was evident 
during the summer period. The combined effects of a halo­
cline and a thermocline yielded a stable water column. This 
stability in conjunction with the extremely high biological 
productivity of the water, which will be discussed below, 
led to a stratification of other chemical parameters, such 
as oxygen, pH, and sulfur compounds.
No diurnal cycle in chlorinity nor in the depth of 
the halocline was observed on 7/31-8/1/69, nor on 8/14/69.
Such a fluctuation might be expected if a s^ichie were operating 
in the pond. However, as pointed out by Emery (1969), the 
periods of seiches in lakes are controlled by the basin 
dimensions and a seiche in Oyster Pond would have a period
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of about 13 min. Such a seiche would be essentially un­
observable with the techniques, sampling locations, and 
sampling times employed.
ES.. Since the CO2 system is the primary buffer in 
most aquatic environments (Hutchinson, 1957; Harvey, 1963), 
changes in pH usually reflect alterations in the inorganic 
carbon content of the water. These alterations are often 
the result of biological activity. The pH of the water 
was invariably higher in the epilimnion than in the hypo­
limnion (Table 4). Whereas the pH in the top 3 m was 
extremely variable, ranging from 7.2 - 9.9, the pH of the 
hypolimnion was relatively constant (6.5 - 7.0 during the 
summer). Typically, the maximum pH occurred at a depth 
between 1.0 and 2.5 m; 1.5 m was very often the depth of 
this maximum. The pH was often minimal in the metalimnion, 
coincident with the thermocline and the halocline, at about
4.5 - 5.5 m, increasing slightly toward the bottom.
Dissolved Oxygen. Dissolved oxygen concentration 
also reflects biological activity. While green plant 
photosynthesis is an oxygen-yielding process, heterotrophic 
activity typically consumes oxygen. Dissolved oxygen data 
for 196 8 and 1969 are shown in Table 5. High concentrations 
were found in the upper part of the water column (8.3 - 12.0 
ppm). The water in the epilimnion was typically supersaturated 
with respect to oxygen (101 - 135% saturation, as computed 
with Mortimer's Nomogram (Hutchinson, 1957)). Oxygen
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supersaturation is typical of highly productive surface 
waters of both marine and fresh water environments (Ruttner, 
1966; Harvey, 1963; Harvey, 1963). During the summer of 
1968, oxygen was depleted below 4.0 m, but by late August 
and through September, oxygen was found deeper in the water 
column and on 9/22/6 8 a trace of oxygen was found even at
6.0 m. This correlates with salinity and temperature changes 
during this period.
The entire water column was well oxygenated during 
the spring of 1969, but by late June, when the thermal and 
saline stratification was well developed, oxygen was absent 
below 5.5 m (Table 5). By 8/15/69, oxygen was absent below
4.0 m. After this date, oxygen was observed at progressively 
greater depths in the pond, as the stratification weakened.
Sulfide. In the portion of the water column lacking 
oxygen, relatively high concentrations of sulfide were 
observed. The concentration of sulfide gradually increased 
through the hypolimnion to the bottom. The maximum concen­
tration observed during 1968 was 50.9 ppm at 6.5 m on 
8/25/68 (Table 6). During 1969, sulfide was not observed 
until 4/21/69; low concentrations (0.8 - 1.3 ppm) were 
observed at 6.5 m through early June and it was not until 
late June that the top of sulfide zone started to move up­
ward in the water column (Table 6). The maximum sulfide 
concentration observed during the summer of 1969 was 27 - 29 
ppm. It is difficult to explain the difference in sulfide
105
concentrations between 1968 and 1969 with certainty; it may 
correlate with differences in productivity, temperature, 
precipitation, windiness, sea water flow, or a combination 
of factors. As mixing was initiated in late August, the 
top of the sulfide zone started to move downward (Table 6). 
Although a partial overturn had occurred in the first week 
of November (Emery, personal communication), it is interesting 
to note that sulfide was still found at a depth of 6.5 m on 
11/8/69. By 11/13/69, no sulfide was detected in the water 
column.
Emery (1969) observed that sulfide was absent from 
the bottom waters during the winter of 1963-64 after a com­
plete circulation of the water, but was present continuously 
from January 1964 at least until January 1966, when the 
pond retained its saline stratification throughout the 
entire year. During this two year period, there were over­
turns (e.g. 3/9/64), but some sulfide-bearing water was 
retained in the bottom waters. The pond at that time was be 
classified as a meromictic lake. The lack of a totally stable 
water column during the winter of 1963-64, and more recently 
(1968-69 and 1969--70) , undoubtedly correlates with the some­
what lower salinity of the hypolimnion. Emery (1969) 
observed oxidation-reduction potentials as low as -135 mV in 
the hypolimnion of the southern basin.
Elemental Sulfur. According to Emery (1969), the 
top 5 - 15 cm of the sulfide zone was often milky. This
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milkiness or turbidity was repeatedly observed and was shown 
to be due to a suspension of elemental sulfur. Up to 11.4 
ppm elemental sulfur were found in a thin stratum (Table 7). 
Samples from deeper waters developed this milkiness on 
standing, exposed to air, presumably due to oxidation of 
sulfide to sulfur upon the introduction of oxygen.
Other Reduced Ihorganic Sulfur Compounds. Thiosul- 
fate, polythionates, and sulfite were detected in the hypo­
limnion but were essentially absent from the epilimnion. In 
general, concentrations of these intermediate sulfur 
species were much lower than for sulfide.
Thiosulfate was absent from the water column during 
the spring except very near the bottom (Table 8). During 
the summer of 1968 and 1969, vertical profiles were essen­
tially parallel with those for sulfide, and maximum concen­
trations of 0.7 - 1.4 ppm thiosulfate-S were found at 6.0 m. 
The concentrations in the upper part of the sulfide zone 
were in the range of 0.2 - 1.1 ppm thiosulfate-S.
The method for polythionates was incapable of 
detecting dithionate and of distinguishing between the higher 
polythionates. Although other polythionates are likely to 
occur as well, results are expressed as tetrathionate. Poly­
thionates were present in low, variable concentrations near 
the bottom of the pond (Table 9). The concentration range 
was from 0.0 - 1.5 ppm tetrathionate -S.
Sulfite was present in increasing concentrations from
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the upper hypolimnion to the bottom (Table 10). Concentra­
tions near the upper part of the sulfide zone were very low, 
0.1 - 0.2 ppm sulfite-S, and ranged up to 0.3 - 0.7 ppm 
sulfite-S at 6.5 m. A definite trend toward increasing con­
centrations of sulfite was observed during the summer of 
1969.
Sulfate. Once the saline stratification was 
established, increasing sulfate concentrations occurred through 
the hypolimnion (Table 11). Epilimnetic sulfate concentra­
tions ranged from 2 4 - 4 0  ppm sulfate-S while concentrations 
in the hypolimnion ranged up to 145 ppm sulfate-S.
Assuming that the bulk of the salt in the pond was 
derived from diluted seawater, a number of predictions can 
be made. If the law of constant proportions of major sea­
water ions is valid for seawater entering and being diluted 
in this environment, one would expect specific ratios 
between these ions. The ratio of sulfaterchloride for 
average seawater is 0.1394 (Sverdrup, Johnson, and Fleming, 
1942). A ratio less than 0.1394 indicates a process enrich­
ing the environment with chloride or depleting the sulfate 
in the environment. A ratio greater than 0.1394 would be 
indicative of a relative enrichment of sulfate. The sulfate: 
chloride ratio of Vineyard Sound seawater on 6/1/70 was 
found to be 0.1392 - 0.1400.
On 4/21/69, the sulfate:chloride ratio was in the 
range of 0.13 0.15 with the exception of 6.0 m where the
ratio was lower (0.094) (Fig. 7). A depletion of this sort
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in the hypolimnion was observed throughout the summer, with 
sulfate:chloride ratios as low as 0.076 (7/14/69 at 5.0 m)
(Fig. 8). This sulfate depletion correlated with the increase 
of sulfide, and other reduced compounds. In intermediate 
waters, a sulfate enrichment of varying magnitude was 
observed throughout the summer. Ratios as high as 0.212 
(Fig. 7) were observed; the maximum sulfate:chloride ratio 
on a given date was often lower than this, but invariably 
a peak ratio in excess of 0.16 occurred between 4.0 and 5.0 m. 
The depth of this sulfate enrichment corresponded to the top 
of the sulfide zone. The top 1 - 2 m of the pond often, but 
not always, were somewhat depleted in sulfate.
A diurnal periodicity in the sulfate:chloride ratio 
at certain depths was established. In these studies, illus­
trated in Fig.10, samples taken at 2 - 3 hr intervals were 
analyzed for both chloride and sulfate. On 7/31-8/1/69, the 
ratio was relatively high and quite constant at 4.0 and 4.3 m 
(0.175 ©nd 0.144 respectively). The sulfate:chloride ratio 
at 4.7 m showed an interesting diurnal cycle; a decreasing 
trend was noted after dark and there was an increasing trend 
during daylight hours. The maximum ratio occurred at 2100 hr 
(0.122) and the minimum occurred at 0900 hr (0.108). This 
implies that there was a net production of sulfate during 
the light period and a net consumption during the dark period. 
The fluctuation was not as strongly developed at 5.0 m. A 
net sulfate production during daylight hours was observed on
8/14/69 at 5.0 m but not at 4.5 m.
Inorganic Sulfur Balances. The data for various 
inorganic sulfur species on four days during the summer of 
1969 are summarized in the form of inorganic sulfur balances 
in Table 12. These balances were constructed by plotting 
the concentrations of each constituent vs. depth and then 
computing the area of the curves. The area is indicative of 
the total amount of sulfur (mg) as that constituent. The 
water column was divided into 1 m^ cubes and the total amount 
of sulfur observed in each m3 was compared with the amount 
predicted from a sulfate:chloride ratio of 0.1394 (see Table 
3). The actual sulfur observed was subtracted from the pre­
dicted amount; a positive value would indicate a depletion 
and negative value would indicate a sulfur enrichment.
There was usually somewhat less sulfur in the top 
1 - 2 m than predicted, whereas in the intermediate waters, 
especially at 3 - 5 m ,  there was typically an enrichment.
The hypolimnion, on the other hand, was depleted in total 
inorganic sulfur. When the results for the entire water 
column were compared, there was a net removal of inorganic 
sulfur from the water column, with the exception of 7/2/69, 
when there was an enrichment.
Ammonium, Nitrite and Nitrate. The distribution of 
soluble inorganic nitrogen species on three occasions during 
the summer of 1969 is shown in Fig.11 - 13*
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Nitrite concentrations were low throughout the water 
column (2 ppb nitrite-N). With the exception of a slight 
suggestion of a peak at 3 - 4 m on 8/1/69, no definite 
statement can be made about stratification of nitrite.
Nitrate distribution was more interesting. Concen­
trations were low and quite variable in the top 3 m of the 
epilimnion ( 0 - 1 2  ppb N). A marked peak in nitrate concen­
tration occurred at intermediate depths. The magnitude of 
this peak ranged from 23 - 32 ppb nitrate-N. There was a 
slight seasonal trend in the depth of this peak; it occurred 
at 4.0 m on 7/2/69, 3.5 m on 7/14/69, and 3.0 m on 8/1/69; 
this trend correlates with the upward trend of the top of 
the sulfide zone during this period. Nitrate was entirely 
absent in the sulfide zone.
Ammonium was present in a much higher concentration 
range than nitrite and nitrate. Concentrations were rela­
tively low throughout the oxygenated zone (100-200 ppb 
ammonium-N). In the hypolimnion, there was considerably 
more ammonium (1160 - 1350 ppb NH^-N) than there was in the 
epilimnion and the break between the two zones was well- 
defined. A general upward trend in the top of the ammonium- 
rich zone occurred during the summer of 1969. An unknown 
portion of the observed ammonium actually may represent 
amino acid nitrogen due to a limitation in the method 
employed. Strickland and Parsons (1964) pointed out that 
this lack of specificity of the method may not be a disad­
vantage if the data is used in discussing water fertility, 
since many phytoplankton utilize amino acids as their nitrogen
source.
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Phosphate. The distribution of soluble reactive 
phosphorus (phosphate) is illustrated in Fig. 12. Epilimnetic 
concentrations were less than 50 ppb phosphate-P, while 
concentrations in the hypolimnion ranged up to 600 ppb phos- 
phate-P. The top of the phosphate-rich zone moved upward 
in the water column during the summer.
Inorganic Carbon. Total inorganic carbon (carbonate, 
bicarbonate, CO 2 ) was stratified during the summer; epilim­
netic concentrations generally were in the range of 7.7 - 
10 ppm inorganic C whereas concentrations as high as 71.3 
ppm inorganic C in the hypolimnion were recorded (see Table 
31-39). This stratification was not observed during the 
spring of 1969.
Summary of Physical and Chemical' Data. The increased 
amounts of inorganic carbon, ammonium nitrogen, and phosphate 
in the hypolimnion supported the generally accepted idea that 
oxygen depletion in stratified waters is due primarily to 
decomposition of organic matter (Hutchinson, 1957; Ruttner, 
1966) . This also correlated with depletion of nitrate and 
sulfate in the hypolimnion, implying that denitrification 
and sulfate reduction were taking place (Redfield, 1958; 
Richards, 1965).
Thus, the epilimnion in the southern basin of Oyster 
Pond during the summer was characterized by high light 
intensity, relatively high temperature (22-27 C), low 
chlorinity (less than 1 ppt), relatively high and quite
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variable pH (7.4 - 9.9), oxygen supersaturation, and 
relatively low amounts of inorganic nitrogen species, phos­
phate, and inorganic carbon. Sulfate was the only sulfur 
species present in the epilimnion.
The hypolimnion was a drastically different environ­
ment. There was little light, lower temperature (18 - 20 C), 
higher chlorinity (up to 3.9 ppt), low and relatively constant 
pH (6.5 - 7.0), no oxygen, and high concentrations of ammonium, 
phosphate, and inorganic carbon. Sulfate concentrations 
were lower than predicted from the dilution of seawater, but 
high concentrations of sulfide were present (up to 30 - 50 
ppm) . A number of intermediate sulfur species (sulfite, 
polythionates, and thiosulfates) were present.
The metalimnion was characterized by a number of 
gradients. The thermocline and halocline were of course 
important. The environment had low amounts of oxygen and 
reduced sulfur compounds, and intermediate quantities of 
phosphate ammonium and inorganic carbon. At these inter­
mediate depths, there were maximum concentrations of elemental 
sulfur and nitrate. The metalimnion of interface water is 
of particular interest since it may be inferred that a 
number of oxidative and reductive reactions involving inor­
ganic sulfur compounds occur here.
Thiobacilli
Distribution of Thiobacilli. It was originally 
hypothesized that there would be an enrichment for thio­
bacilli in the metalimnion of Oyster Pond and that these
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organisms would be the primary agents responsible for sulfide 
oxidation and chemolithbtrophic productivity in this zone. 
Thiobacillus thioparus, T. thiooxida'ns , and T. denit'rificans 
were enumerated by a tube dilution procedure (MPN).
Results of enumeration of thiobacilli on 7/29 and 
9/8/68 are given in Table 13. On 7/29/6 8, no positive 
tubes were observed above 5.0 m. The MPN for T. thiop'ar'us 
at 5.0 m was 490/100 ml and that for T. thiooxidans was 
80/100 ml. T. denitrificans was not detected. On 9/8/68, 
samples were collected at closely spaced intervals between
5.0 and 6.2m. T. thioparus was relatively abundant through­
out this portion of the water column and maximal numbers 
occurred at 5.6 m (2400/100 ml). Fewer T. thiooxidans were 
observed and the maximum MPN was 150/100 ml at 5.5 m. T. 
dfehitrificans was even less abundant and less widely distri­
buted than T. thiooxidans and the maximum MPN was 90/100 ml 
at 5.6 m.
The MPN results for 1968 and 1969 should not be com­
pared directly since different media were used. The results 
of comparisons between the media and techniques used in the 
two years will be presented below.
MPN results for T. thioparus during 1969 are shown 
in Table 14. On 3/27/69, when no sulfide was detected in 
the water column (Table 6) the highest MPN (230/100 ml) 
occurred at 6.5 m. On 4/23/69 and on 5/20/69, when traces 
of sulfide were detected near the bottom, highest numbers 
also occurred at 6.5 m (790 and 490/100 ml, respectively).
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By 6/24/69, when considerable amounts of sulfide were detected 
at 6.0 and 6.5 m, highest numbers (800/100 ml) occurred at
6.0 m, the top of the sulfide zone. On 7/5/69, when sulfide 
was detected at 5.5 m, the MPN was 1100/100 ml at 5.5 m. On 
7/31/69, when sulfide was found at 5.0 m, the MPN was 1090/
100 ml at 5.0 m and was 3300/100 ml at 5.5 m. By 8/14/69, 
the maximal number of T. thioparus was 4900/100 ml at 5.0 m; 
this was the highest number observed for the two sampling 
years. On 8/25/69, the MPN at 5.0 m was 2100/100 ml. Thus, 
throughout the summer, peak numbers of T. thiopa'r'us occurred 
in a well-defined peak near the top of the sulfide zone.
MPN data for T. thiooxidans during 1969 are shown 
in Table 15. Although the numbers were much lower than for 
21* thioparus, the same general trends were observed. In 
the spring, before the stratification developed, the maximum 
MPN (50 - 130/100 ml) occurred near the bottom. During the 
summer, when sulfide was present in the hypolimnion, maximal 
numbers occurred near the top of the sulfide zone. The 
maximum MPN observed was 140/100 ml.
Table 16 illustrates the MPN data for T. den itrif i can s 
during 1969. T. denitrificans was not observed during the 
summer. Maximal numbers (50 - 80/100 ml) occurred slightly 
deeper in the water column than T. thioparus and T. thio­
oxidans .
The enumeration data above indicates that a zone of 
enrichment for thiobacilli occurred near the top of the 
hypolimnion. The predominant ThiobaciTlus species was T.
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thioparus, with an MPN up to 4900/100 ml.
Evaluation of MPN Procedures. In an effort to 
obtain higher counts of thiobacilli, different media and 
methods were used in 1969 than were used in 1968. The media 
and methods were compared on a number of occasions.
The MPN procedures used for T. thioparus in 1968 
(10 ml Medium A, static incubation) and 1969 (5 ml Medium B, 
shaken incubation) were compared by adding various numbers 
of T. thioparus cells to water samples (Tables 17 and 18).
The MPN of the unaltered water averaged 1.36 times higher 
when the 1969 procedure was used. With added cells, the
1968 procedure had a mean recovery percentage of 101% and a 
range of 46 - 300% recovery. The 1969 procedure also had a 
mean recovery percentage of 101%; the range was 50 - 230%.
The slightly higher MPN for the unaltered water using the
1969 procedure may have been due to the varied medium com­
position or to the greater provision for aeration in the 
1969 procedure. However, the results were within the 95% 
confidence interval of the MPN. The medium used in 1969 
(Medium B) had the advantage of a pH indicator which enabled 
quicker screening.
The MPN procedures were also compared with spread 
plating on Medium C (Table 18). The plating procedure 
yielded somewhat higher results than the MPN, especially 
with the unaltered water samples. Most of these colonies, 
however, were regarded as false positives; out of 23 colonies 
inoculated into Medium B and Nutrient Broth, 19 grew
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profusely in Nutrient Broth and none grew in Medium B.
These colonies were regarded as heterotrophic bacteria 
capable of producing enough acid from the limited amount of 
organic matter present or from endogenous metabolism to 
change the color of the brom thymol blue from blue to yellow. 
Medium C was, therefore, not suitable for enumerating T. 
thioparus in mixed cultures, but it may be a useful medium 
for pure culture studies.
The MPN procedures for T.' thiooxidans which were 
used in 196 8 (10 ml Medium D, static incubation) and 1969 
(5 ml Medium E, shaken incubation) were compared (Table 19). 
On the average, the MPN of unaltered water samples were 1.45 
times higher with the 1969 procedure. With added cells, 
the recovery percentage of the 1968 procedure ranged from 
11 - 130% with a mean of 48%. The 1969 procedure had a 
mean recovery percentage of 118% and a range of 46 - 260%.
The higher results with the 1969 procedure were 
fairly consistent; this may have been due to the fact that 
elemental sulfur was used as substrate in Medium D while 
thiosulfate was used in Medium E or to the greater provision 
for aeration in the 1969 procedure. The 1969 procedure was 
preferable also because the presence of the pH indicator 
aided in screening.
The results of a comparison between the 196 8 (10 ml 
Medium G) and 1969 (5 ml Medium H) MPN procedure for T. 
denitrificans are shown in Table 20. With added cells both 
media had a recovery percentage that averaged 43-44% and a 
range of 20 - 80%. Therefore, although they were equally
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effective, both media apparently yielded a recovery of less 
than 100%. The 1969 procedure was preferable because of 
the pH indicator.
The results of the positive controls are relevant 
here. As expected, T. thioparus grew well in media intended 
for this organism; very slight growth also occurred near the 
surface of tubes intended for T. denitrificans indicating the 
presence of a small amount of oxygen, but no gas was produced. 
T. thiooxidans only grew in media designed for T.' thiooxidans. 
T. denitrificans grew almost as well in aerobic media intended 
for T. thioparus as in anaerobic media designed for T. 
denitrificans; this was expected from previous studies with 
this organism (Baalsrud and Baalsrud, 1954) . Ideally, the 
T. denitrificans MPN should be subtracted from that for T. 
thioparus to yield a true T. thioparus MPN. However, the 
MPN of T. denitrificans was usually so much lower than the 
T. thioparus MPN that the correction was superfluous.
On numerous occasions positive tubes of the various 
MPN media were plated on agar media of the same composition. 
Pure cultures of thiobacilli were readily obtainable by this 
method, the taxonomy of some of these isolates will be dis­
cussed.. On occasion, viable cultures were not recovered 
from old tubes for T. thioparus in which the pH had fallen 
below 5.0. T. thioparus is rather sensitive to the acid it 
produces itself (Vishniac and Santer, 1957).
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Negative tubes were also checked in this manner.
With one exception, no thiobacilli were obtained from these 
tubes. One of the few tubes for T. thioparus in which most of the 
thiosulfate was oxidized but the pH was only slightly lowered 
yielded a pure culture of an obligately autotrophic Th'io- 
bacillus which did not drop the pH. This isolate (#MS-25) 
will be discussed. It is significant that a false negative 
was encountered in only one tube out of more than 50 which 
were checked. A number of cultures of heterotrophic, thio- 
sulfate-oxidizing bacteria were isolated from tubes in which 
the pH had risen. These will be discussed.
No cultures of thiobacilli capable of growing in 
both organic and inorganic media were isolated. Their 
presence would have been masked by the presence of other 
more abundant species. No selective procedure for the facul­
tative chemolithotrophic thiobacilli has been developed.
Thiobacillus Culture Comparison. The morphological, 
cultural, and major physiological characteristics of seven 
Thiobacillus cultures are compared in Table 21. All of the 
cultures were small (0.5 ” 0.6 u  x 1.2 - 1.8 ai), motile, 
gram-negative rods. With the exception of T. thiooxidahs #B 
and Oyster Pond isolate #MS-11 which were translucent, all 
the cultures had a creamy yellow or white color, and were 
raised and circular. All grew best at 20-28 C. None of 
the cultures grew in organic media.
Strain #MS-5 was judged to be similar to the type 
culture of T. thioparus (#A). Neither were markedly
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anaerobic nor produced gas. Both grew well on thiosulfate, 
precipitating elemental sulfur while dropping the pH to 3.9- 
4.0; both showed fair growth on elemental sulfur, dropping 
the pH to 6.0. The pH optimum of both strains was near 7 and 
their range was approximately 6-8. Both conformed well to 
descriptions of T. thioparus (Sokolova and Karavaiko, 1968) .
Strain #MS-11 and T.' thiooxida'ns #B both grew well 
at pH 3-5. Neither grew as an anaerobe and neither produced 
gas. Both developed well on elemental sulfur and dropped 
the pH to 1.0-1.1 #MS-11 dropped the pH in thiosulfate media
to 2.1 while #B dropped the pH to 2.6. Both of the strains 
conform to descriptions of T. thiooxidans (Vishniac and 
Santer, 1957).
T. denitrificans #C and strain #MS-17 were charac­
terized by abundant gas production while growing anaerobically. 
The pH optimum of these two strains was about 7-8 and the 
range about 6-8. Both grew only slightly in elemental sul­
fur media but grew well on thiosulfate, dropping the pH 
below 5. Both should be classified as T. denitrificans 
(Baalsrud and Baalsrud, 1954).
Strain #MS-25 was similar to T. thioparus in most 
respects except that it did not drop the pH below 6.5. It 
did not grow well at an initial pH of 6.0, while T. thioparus 
showed fair growth at this pH. The pH produced during the 
oxidation of thiosulfate by T. thioparus is dependent on 
the products formed; when sulfuric acid is the dominant 
product, the pH falls, while an increased pH is seen during 
tetrathionate production (Sokolova and Karavaiko, 1968).
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The fact that #MS-25 does not drop the pH may thus be a 
reflection of the particular mixture of products of thio­
sulfate oxidation. Although this strain does not fit into 
one of the well-defined species of Thibbacillus, it will be 
regarded as a strain of T.' ’thioparus, since it differs in 
only one major characteristic.
Photosynthetic Sulfur Bacteria
Blooms of photosynthetic sulfur bacteria often 
develop in stratified aquatic environments (Kondrat'eva, 
1965). Consequently, enrichment cultures using 1.0 ml 
inocula were used to establish the presence of photosynthe­
tic sulfur bacteria in the various strata of Oyster Pond.
The recovery of enrichment cultures for photosynthetic 
sulfur bacteria in Oyster Pond are shown in Table 22. Posi­
tive enrichment cultures for Chlorobium were obtained from 
throughout the sulfide zone. Fewer positive cultures for 
members of Thiorhodaceae were obtained. The distribution of 
the latter group appeared to be restricted to a thin layer 
near the top of the sulfide zone.
Within 10 days after inoculation, bottles of Medium 
J became green and non-motile rod-shaped to ovoid bacteria, 
less than 1.0 ja in diameter were observed. This description 
conforms to the genus Chlorobium (Larsen, 1953). The bot­
tles of Medium J often-developed a reddish color after a few 
more days, and larger (2.0 x 3.0 ja), rapidly motile cells 
became dominant. The morphology of these cells was similar 
to that of some Chromatium species (Skerman, 1967). Medium K
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became either red or green within 10 days after inoculation. 
The dominant organisms in this medium were morphologically 
identical to Chrofflatium and' Chl'o'rob'i'um. Despite their over­
all similarity, Medium K appeared to be less selective for 
the green bacteria than Medium J while Medium K was slightly 
more selective for the red organisms. The primary selective 
differences between the two media may have been their pH 
(van Niel, 1931); Medium J had a pH of 7.3 while the pH of 
Medium K was 7.8.
Absorption spectra of methanol extracts ("in vitro") 
of the green enrichment cultures showed well-defined peaks 
at 435 and 665 mp and a minor peak at 620 mp (Fig. 15).
Such a spectrum is characteristic of algae and of members 
of the Chlorobacteriaceae which possessed bacteriochlorophyll 
c (Jensen, et aJL. , 1964) . Clear evidence that the dominant 
organisms were green bacteria was provided by the "in vivo" 
absorption spectra (Fig. 15). This was indicated by the lack 
of an "in vivo" peak in the 660-680 mp area and the appear­
ance of one at 750 mp (Brock, 1966).
"In vivo" and "in vitro" (methanol) absorption 
spectra of a red enrichment culture are shown in Fig. 1.6.
The "in vivo" peaks at 800 and 850 mp and the "in vitro" 
peak at 770 mp clearly place the dominant organism among 
the purple bacteria (Jensen, et al., 1964).
When these enrichment cultures were inoculated into 
agar media of the same composition abundant colonies were 
observed after about 8 - 1 2  days of growth. Most colonies
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from green enrichment cultures were green while most of 
those from red cultures were red; occasional brown colonies 
were also observed from both media. Most of the colonies 
were lenticular. Since the media contained sulfide but no 
added organic matter except agar, both the red and the 
green forms were photo-lithotrophic rather than photo- 
organotrophic .
The obvious conclusion from the above data is that 
these organisms were members of the genera Chlorobium and 
Chromatium.
Water samples from the sulfide zone sometimes had a 
definite green tint. "In vivo" and "in vitro" (methanol) 
absorption spectra of such a sample are shown in Fig. 17.
The strong absorbance of the methanol extract at 660-670 mu, 
the lack of an "in vivo" peak in this region, and the strong 
"in vivo" peak at 755 mu, indicate that members of the 
Chlorobacteriaceae were primarily responsible for the colora­
tion. The lack of "in vivo" peaks in the 800-860 mp range 
and of an "in vitro" peak at 770-775 mp, suggested that 
purple bacteria were not important in these water samples.
The absorbances at 660 mp and 770 mp of methanol 
extracts (10 ml extract: 100 ml sample) of water samples
collected at various times were used as comparative indices 
of abundance of Chlorobium and Chromatium respectively 
(Table 23). The absorbance at 660 mp at 1.5 m ranged from 
0.188 to 0.354. The "in vivo" absorbance at 660-670 mp was 
also high, indicating that this was due to algal pigments. 
Peak 660 mp absorbance in the sulfide zone typically occurred
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at 5.5 m; this was not accompanied by high "in vivo" 
absorbance. The absorbance at 5.5 m ranged from 0.046 to 
0.866. The 770 mju absorbance was low throughout the water 
column (less than 0.07).
Using the equations of Takahashi and Ichimura (1968)
and Stanier and Smith (1960) an approximation of the amount
of bacteriochlorophyll c was made; the absorbance at 5.5 m
would be equivalent to about 17 to 101 ppb bacteriochlorophyll
c . It was assumed that the average' ChTor'ob'ium cell was
10% ash and had a protein composition of about 40% of the
dry weight (Redfield, 1958). According to Cohen-Bazire,
et al. (1964), the chlorophyll content of Chlorobium spp.
grown at low light intensities is 100-190 yug/mg cell protein,
therefore a reasonable estimate of the amount of chlorophyll/
— l ocell is about 8.8 x 10 mg. The chlorophyll concentration 
observed in water samples would be equivalent to 0.19 - 
1.15 x 10^ cells/ml.
Fewer than 10^ cells/ml were observed by direct 
microscopic count at 5.0, 5.5, and 6.0 m on 7/2/69. However, 
on 7/27/69, 5.0 x 10^ cells/ml were observed at 5.5 m. Most 
of these cells were small non-motile rods, conforming to 
the morphology of Chlorobium. Thus, many, if not most, of 
these cells observed microscopically were probably Chlorobium.
Enrichment Cultures for Other "Colorless Sulfur Bacteria"
It became apparent that the number of thiobacilli 
was insufficient to account for the observed dark CO 2  fixa­
tion and sulfide oxidation. Therefore, it was of interest
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to determine whether some of the other "colorless sulfur 
bacteria" were present in Oyster Pond. Since adequate 
enumeration methods have not been developed, the enrichment 
culture approach was utilized. Large inocula (2000 ml) were 
used because samples were obtained during the winter (1/15/70) 
after the stratification had disappeared. The letters (A - E) 
refer to the particular enrichment procedure employed (page 78 ).
Enrichment Cultures for Other "Colorless Sulfur Bacteria"
A. Both unaltered water samples (from 3.0 m and
6.5 m) which were maintained at 4 C remained oxygenated 
( 5 - 7  ppm 02) throughout the 8 weeks of incubation and the 
pH remained in the range of 7.0-7.5. The MPN of' T.' thioparus 
remained below 50/100 ml. The water samples examined micro­
scopically revealed small numbers of a variety of morphological 
types: rod-shaped bacteria, cocci, ovoids, spirilla, and
few filaments.
B. Water samples kept at 20 C became somewhat 
depleted in oxygen. By 8 weeks, there were 2.3 ppm O 2 in 
the culture from 6 . 5 m  and 3.1 ppm O 2 in the culture from
3.0 m. The pH of both was about 7.0 - 7.2. The MPN of T. 
thioparus varied from 0-50/100 ml. Microscopically, there 
were slightly higher numbers of cells present than in the 
4 C cultures and in addition to the above cell types, 
structures resembling germinating endospores were observed 
after about 3 - 5  days.
C. The de-oxygenating procedure (flushing with N2)
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proved to be quite effective; the oxygen content remained 
below 0.5 ppm C>2 . Traces of sulfide were observed (less 
than 1.0 ppm sulfide). The pH ranged from 7.0-7.2 This 
technique proved to be an effective enrichment for T. 
thioparus. After 3 weeks, the MPN in the culture from 3.0 m 
was 230/100 ml, 4900/100 ml after 6 weeks, and 1100/100 ml 
after 8 weeks. In the culture from 6.5 m, the MPN of T. 
thioparus was 490/100 ml after 3 weeks, 6400/100 ml after 6 
weeks, and 2200/100 ml after 8 weeks. Ovoid and rod-shaped 
cells were fairly abundant, as were small motile vibrios. 
Occasional filaments were also seen. The filaments were 
1 - 2 ju in diameter and contain abundant inclusions of 
volutin, lipoidal material, and occasionally elemental sulfur. 
An inclusion was judged to consist of elemental sulfur, if 
it was extractable with pyridine. The filaments were gram- 
negative and bore a resemblance to Beggiatoa (Ellis, 1932; 
Fauat and Wolfe, 1961).
D. In the Beggiatoa enrichment using Faust and 
Wolfe's technique, oxygen was depleted after 2 - 3  weeks.
After 3 - 4  weeks, up to 5 - 10 ppm sulfide were observed 
in the enrichment cultures from both 3.0 and 6.5 m; this 
amount of sulfide was observed until the eighth week, by 
which time the sulfide level had dropped to 1 - 2 ppm. The 
pH was 6.8-7.0 in both cases. In the culture from 3.0 m, 
the MPN of T. thioparus was 130/100 ml after 3 weeks,
800/100 ml after 6 weeks, and 790/100 ml after 8 weeks. The 
MPN in the 6.5 m culture was 490/100 ml after 3 weeks,
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1090/100 ml after 6 weeks, and 3300/100 ml after 8 weeks. 
Samples for oxygen, sulfide, and T.' thioparus were taken 
from about 10 cm below the surface; since a vertical gradient 
probably existed, the numbers should not be considered as 
representative of the whole flask. As soon as the oxygen 
was depleted, abundant white flocculent growth appeared 
near the tops of both enrichment cultures; most of this 
material clung to the sides of the vessel and sunk to the 
bottom upon agitation; a white surface film developed as 
well.
The white flocculent material consisted of a tangled 
mass of filaments as well as a miscellaneous mixture of other 
cell types. Many of the filaments were similar to those 
observed in enrichment D. Most cells in the filaments were 
about 1.0 - 2.0 u in diameter. Cells were typically longer 
than they were wide and were gram-negative. Gliding motility 
was sometimes observed. Movement was quite slow and could 
be seen most easily by noting the relative change in the 
positions of adjacent filaments at 5 min intervals. The 
cells contained both volutin and lipoidal inclusions, often 
appearing to be full of lipid material. Granules of elemental 
sulfur were seen in many of the cells; these inclusions were 
quite refractory and were extractable with pyridine. By 
their morphological characteristics, these filaments were 
judged to be members of the genus Beggiatoa (Ellis, 1932; 
Breed, et al., 1957; Skerman, 1967).
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Ensheathed filaments, about 2 /u in diameter, were 
observed; cells were gram-negative and no motility was 
observed. The sheaths were sometimes practically full of 
cells with only an occasional gap, and were sometimes empty 
or practically empty. The sheaths were occasionally 
impregnated with ferric iron. These filamentous bacteria 
were judged to be members of the Chlamydobacteriales, pos­
sibly Sphaerotilus (Skerman, 1967). The cells contained 
lipoidal, volutin, and sulfur inclusions. Deposition of 
elemental sulfur by S ph ae ro t ilus' hatans had been observed 
by Skerman, Dementjeva, and Carey (1957).
Among the other cell types which were observed were 
large and small rod-shaped, ovoid, Spiral, vibrioid cells. 
Some of the cells were rapidly motile. A variety of pro­
tozoa, including flagellates,‘ciliates, and amoebae were 
observed. When the cultures were about 8 weeks old, few 
filaments were observed, except those which appeared to be 
empty iron-encrusted sheaths, and the dominant organisms were 
large (2 ju x 3-8 /u) , motile, gram-negative rods which con­
tained lipoidal and volutin inclusions.
E. The enrichment technique for Thiovuium was ade­
quate for establishing a sulfide-oxygen gradient. Sulfide 
concentrations near the bottom ranged from 0.5 - 3.0 ppm 
sulfide. Sulfide was not observed near the top of the 
cultures. The oxygen concentration near the surface was 
maintained between 2 and 4 ppm C>2 ; oxygen was not present 
near the bottom. The pH throughout the cultures from both
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3.0 and 6.5 m ranged from 7.0-7.5. The MPN of T. thioparus 
about 2 cm from the bottom of the culture from 3.0 m was 1100/ 
100 ml after 3 weeks and 1400/100 ml after 8 weeks; the MPN 
about 2 cm from the surface after 8 weeks was 230/100 ml.
The MPN of T. thioparus about 2 cm from the bottom of the
6.5 m culture was 1700/100 ml after 3 weeks and 3500/100 ml 
after 8 weeks; the MPN about 2 cm from the surface after 8 
weeks was 460/100 ml.
The cells observed microscopically in these cultures 
were similar in kind and number to those seen in the de-oxy- 
genated cultures (C). ThiovuTum was not observed.
The results from these enrichment cultures demon­
strated that if the proper conditions were provided (presence 
of sulfide) T. thioparus developed, even if a mid-winter 
inoculum was used; the MPN of the inoculum was very low 
(0/100 ml at 3.0 m; 20/100 ml at 6.5 m ) . The conditions in 
enrichments C, D, arid E, were similar to those in the metalim- 
riion of a stratified pond in the spring and summer. These 
conditions also favored a modest enrichment of filamentous 
bacteria containing sulfur granules (Beggiatoa).
The presence of a small amount of added organic 
matter (extracted straw) appeared to heighten the natural 
depletion of oxygen, which occurred even in unaltered water 
samples which were kept at 20 C. The resultant sulfide 
and/or the organic matter appeared to enrich for Beggiatoa 
and Sphaerotilus, both of which are capable of depositing 
sulfur when exposed to sulfide.
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The lack of development of other colorless sulfur 
bacteria, such as Thiovulum. Thiothrix. and Thiodendron. in 
these enrichment cultures is not definitive evidence that 
they are not present in Oyster Pond.
Other Chemo1ithotrophic Bacteria
The enrichment culture approach was utilized in 
order to establish the presence of other chemolithotrophic 
bacteria, such as methane, hydrogen, iron, and nitrifying 
bacteria, in Oyster Pond. While the results are not quan­
titative, to have a positive enrichment culture there must 
be at least one, and probably more, of the particular organism 
in the inoculum; with a 1.0 ml inoculum there must be at 
least one of these organisms/ml to produce a positive enrich­
ment culture.
Methanol-oxidizing bacteria appeared to be present 
at all depths in the water column on both 7/5/69 and 7/27/69 
(Table 24). Medium L, containing methanol, quickly became 
turbid and often developed a pink pellicle. Microscopic 
examination revealed the dominant organisms as small, motile, 
gram-negative rods. Organisms which utilize C-^  compounds as 
their sole source of energy fall into a number of groups 
but the most common aerobic isolates are motile, gram- 
negative rods with a pink pigment (Quayle, 1961). These 
organisms have been given many names but are commonly referred 
to as either Meth anomona s ffiethanica or Pseudomonas' methanica. 
While many of these organisms can utilize the reduced C-^
130
compounds as sole source of carbon, some are capable of 
fixing large amounts of exogenous CC>2 (Quayle, 1961).
Hydrogenomonas was found primarily in the epilimnion 
(Table 24). Tubes of Medium M developed a slight turbidity 
and small, gram-negative, motile rods were observed micro­
scopically.
Tubes of Medium N for Gallionella often developed a 
faint growth ring when inoculated with water from 3 - 5.5 m. 
The presence of spiral Fe(OH)3 strands of Galiioneiia was 
not confirmed microscopically in most of these tubes. 
Gallionella appeared to be restricted to the 4.5 - 5.0 m 
layer of the pond (Table 24). Many of the other tubes con­
tained rod-shaped cells embedded in a mucilaginous matrix 
containing ferric iron. This description conforms to the 
genera Sideromonas or Side'ro'capsa. However, the validity 
of these genera and their classification as iron bacteria is 
doubtful (Skerman, 1967).
Two tubes of Medium 0 for Ferrobacil'lus which were 
inoculated on 7/5/69 with water from 5.0 m, became rusty 
colored after almost 2 weeks incubation (Table 24). Vir­
tually all the ferrous iron had been oxidized and the pH 
dropped to 2.5-3.0. Numerous rapidly motile, gram-negative 
rods were observed in both tubes. These were considered to 
be positive enrichments for Ferrobacillus (Leathen, et al., 
1956).
Ammonium-oxidizing bacteria were generally recovered 
throughout the epilimnion and the metalimnion (Table 24).
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Positive tubes were indicated by the appearance of nitrite 
in Medium P. In some of the tubes nitrate was also detected 
indicating that oxidation of nitrite had occurred. Motile 
rod-shaped, gram-negative bacteria were observed in many of 
these tubes; cells of this description conform to the genus 
Nitrosomonas (Skerman, 1967) ,
The distribution of nitrite-oxidizing bacteria was 
more limited; positive enrichment cultures were obtained 
from 4.0 - 5.5 m (Table 24). A positive culture was indi­
cated by the appearance of-nitrate in Medium Q. Rod-shaped 
gram-negative cells were observed in these tubes and motility 
was not observed. These characteristics conform to the genus 
Nitrobacter (Skerman, 1967).
Thus, a variety of chemolithotrophic bacteria were 
demonstrated in Oyster Pond. It is likely that these organ­
isms account for a portion of the dark CO 2  fixation which 
was observed.
Heterotrophic Bacteria
Because of their importance in the mineralization 
of organic matter, aerobic and anaerobic heterotrophic 
bacteria were enumerated, using spread plates of organic 
media. Some of these organisms may also be important in 
production of sulfide and in oxidation of inorganic sulfur 
compounds.
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Distribution of Aerobic Heterotrophic Bacteria.
The distributions of heterotrophic bacteria on 7/29/68 and 
9/22/6 8 are shown in Table 25. On 7/29/68, when samples 
were taken above 5.0 m, highest numbers, in both Nutrient 
Agar and Medium R, occurred at 4.0 m. In Nutrient Agar, 
plate counts ranged from 3.0 - 7.1 x 10 /ml and the range 
was 1.7 - 4.1 x 10^/ml in Medium R. Since the number of 
colonies on Nutrient Agar was significantly higher than in 
Medium R, after 7/29/68 only Nutrient Agar was used. On 
9/22/68, highest numbers occurred at 5.0 - 5.7 m, with 
plate counts as high as 9.8 x 103/ml.
The distribution of aerobic heterotrophic bacteria 
during the spring and summer of 1969 is shown in Table 26.
On 3/27/69, the highest plate count was at 1.0 m (8.5 x 103/ml). 
By 4/23/69, a ten-fold increase in the plate count at most 
depths had occurred; again, peak numbers occurred at 1.0 m 
(8.7 x 104/ml). On 5/20/69, the numbers of heterotrophic 
bacteria were fairly uniform throughout the entire water 
column (1.2 - 2.3 x 104/ml). On 6/24/69, highest numbers 
occurred in the epilimnion and the maximum plate count was
1.7 x 104/ml at 2.0 m. On 7/5/69 and 7/15/69, maximum
3 3numbers occurred at 3.0 m (9.9 x 10 /ml and 8.9 x 10 /ml,
respectively). On 7/31/69 and 8/14/69, highest numbers were
at 4.0 m (7.7 x 103/ml and 8.2 x 103/ml, respectively).
Throughout the spring and summer, highest numbers of aerobic
heterotrophic bacteria occurred at progressively greater
depths, until August, when the majority of the population
appeared to be situated slightly above the thermocline.
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During the summer stratification, the number of aerobic 
heterotrophic bacteria in the hypolimnion was about 50% 
lower than the number in the epilimnion.
Distribution of Anaerobic Het'erotrophic Bacteria.
Table 27 summarizes the data on the distribution of anaerobic 
heterotrophic bacteria during 1969. Plate counts were highest 
in the hypolimnion, where counts of 4.5 x 103/ml were often 
observed.
The plating procedure was compared with a deep tube 
colony counting procedure, which might be expected to yield 
more rigorously anaerobic conditions, on 7/5/69. Using this 
deep tube procedure, numbers were somewhat lower in the 
epilimnion, whereas they were approximately the same in the 
hypolimnion.
Heterotrophic Thiosulfate' Oxidizing Bacteria. In a 
number of the MPN tubes for thiobacilli, an increase in pH 
to as high as 8.0 was observed. Although most of the thio­
sulfate in these tubes had been oxidized, the presence of 
thiobacilli was not demonstrable. A number of pure cultures 
of motile, gram-negative, rod-shaped bacteria were isolated 
from these tubes by subculturing into Medium I containing 
asparagine, peptone, glucose, or yeast extract, and by sub­
sequently plating on agar media. Four cultures distinguish­
able by cultural characteristics, were selected. All were 
capable of oxidizing thiosulfate with an increase in pH when 
growing on any of the above four organic substrates.
These organisms grew well in a peptone medium without
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thiosulfate but did not appreciably increase the pH. When 
the medium was supplemented with thiosulfate, no increase 
in final cell number was observed and the culture oxidized., 
the thiosulfate with a rise in pH to 8 .5-9.0. No growth was 
observed in the absence of peptone. The results suggested 
that the isolates were heterotrophic bacteria with the 
capability of oxidizing thiosulfate to tetrathionate with 
no apparent utilization of the resultant energy. They were, 
therefore, comparable to the so-called Th'ioba'Clll'us' traut- 
weinii (Trejutwein, 1924), Starkey's cultures B, T, and K 
(Starkey, 1935), culture M of Parker and Prisk (1953), and 
to a number of species of Pseudomonas (Trudinger, 196?).
On 7/29/68, 100 colonies from Nutrient Agar plates 
from each of four depths in Oyster Pond were inoculated into 
a peptone-thiosulfate medium. Some of the colonies which 
grew in this medium oxidized thiosulfate with a rise in pH. 
The number of thiosulfate-oxidizing colonies from each of 
these depths was: at 1.5 m, 7 of 93; at 3.0 m, 2 of 98; at
4.0 m, 2 of 90; and at 5.0 m, 1 of 92. None of these 12
cultures grew on thiosulfate alone. Two were Bacillus sp, 
two were yeasts, and 8 were small, motile, gram-negative 
rods.
Similar results were obtained on 7/7/69, when only 
25 colonies were picked from each of four depths. The num­
bers of thiosulfate-oxidizing colonies at these depths was: 
at 1.5 m, 2 of 20; at 4.5 m, 0 of 21; at 5.0 m, 0 of 20; and
at 5.5 m, 0 of 16. One was a Bacillus and the other was a
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yeast. Neither grew on thiosulfate alone.
The overall percentage of heterotrophic bacteria 
and yeasts in the above experiments which was capable of 
oxidizing thiosulfate was about 3%. Heterotrophic thio­
sulfate-oxidizing bacteria were more abundant in the epil- 
imnion than at 3 - 5.5 m.
Su1fide-Producing Bacteria
The dissimilatory sulfate-reducing bacteria and 
the non-specific sulfate reducing bacteria were enumerated 
using deep tube colony counts. The distribution of dis­
similatory sulfate-reducing bacteria during the spring and 
summer of 1969 is illustrated in Table 28. On 3/27/69, 
although the water at 6.5 m contained oxygen (Table 5), 130 
sulfate-reducing bacteria/ml were observed at that depth.
By 5/20/69, the number at 6.5 m had increased to 400/ml, and 
2 0 /ml were found at 6 . 0  m; traces of sulfide were found at
6.5 m (Table 6 ). During July, 10-500/ml were found in the 
metalimnion and the hypolimnion. Sulfate-reducing bacteria 
were not found above 4.5 m in the southern basin. Highest 
numbers invariably occurred at 6.5 m. Higher numbers were 
found in the upper layers of the sediments; numbers in the 
sediments ranged from 1.1 x 10^/g on 3/27/69 to 5.9 x 10^/g 
on 7/15/69.
The distribution of aerobic and anaerobic non-specific 
sulfate-reducing bacteria on 5/20/69 and 7/15/69 is shown in 
Table 29. Media for these organisms (Medium T and Medium U)
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lacked added sulfate but contained peptone and beef extract 
plus additional cystine since sulfide produced by these 
organisms originates from peptides and amino acids.
Small numbers (7-40/ml) of aerobic bacteria of this 
type were found throughout the water column on 5/20/69 and 
7/15/69. Somewhat higher numbers (580-620/ml) were found in 
the sediments. Anaerobic non-specific sulfate-reducing 
bacteria were not as widely distributed but were more 
abundant in the hypolimnion. They were not observed at 1.5 m, 
but up to 460/ml were found at greater depths. Numbers in 
the sediment were higher (4300-4700/ml).
The specificity of Medium S for the dissimilatory 
sulfate-reducing bacteria, Medium T for the aerobic non­
specific sulfate-reducing bacteria, and Medium U for the 
anaerobic non-specific sulfate-reducing bacteria, was checked 
by inoculating colonies from each medium into all three of 
the media; the results are shown in Table 30. Of 10 colonies 
picked from Medium S , 6 grew and produced sulfide in Medium 
S , none produced sulfide in Medium T , and one produced sul­
fide in Medium U. Of 10 colonies picked from Medium T, 10 
grew and produced sulfide in Medium T, two produced sulfide 
in Medium U, and none produced sulfide in Medium S. Of 10 
colonies picked from Medium U, 9 grew in Medium U but only 
8 produced sulfide, 4 produced sulfide in Medium T, and only 
one produced sulfide in Medium S. Apparently, some of the 
non-specific sulfate reducing bacteria were facultatively 
anaerobic. Medium S was quite specific for the dissimilatory
137
sulfate-reducing bacteria. Medium T and Medium U were 
specific for the non-specific sulfate-reducing/bacteria. It 
is likely that Medium S contained insufficient quantities 
of sulfur-containing organic matter for the development of 
non-specific sulfate-reducing bacteria, while Medium T and 
Medium U contained insufficient sulfate ion for the dis­
similatory sulfate-reducing bacteria.
In summary, the dissimilatory sulfate-reducing bacteria 
were found only in the hypolimnion and the sediments, whereas 
the non-specific sulfate-reducing bacteria were more widely 
distributed. Numbers of both groups in the hypolimnion 
ranged up to 400-500/ml, while much higher numbers were 
observed in the sediments. In the sediments, numbers of 
dissimilatory sulfate-reducing bacteria were about one log 
higher than numbers of non-specific sulfate-reducing bacteria.
Dissimilatory sulfate-reducing bacteria must reduce 
sulfate during the oxidation of organic matter, while sulfide 
produced by the non-specific sulfate-reducing bacteria is 
merely a by-product of the degradation of sulfur-containing 
organic matter. Thus, more sulfide is probably produced 
per cell by the dissimilatory sulfate-reducing bacteria than 
by the non-specific sulfate-reducing bacteria. On the basis 
of the enumeration of the two groups of organisms, most sul­
fide production in the hypolimnion and in the sediments is 
attributed to the dissimilatory sulfate-reducing bacteria.
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Productivity Studies
Although photosynthfetic organisms are usually con­
sidered to be the primary CO2  fixing organisms in aquatic 
environments, in areas where high numbers of chemolithotrophic 
bacteria are found, significant dark C0 2 fixation might occur. 
It was hypothesized that such chemolithotrophic productivity 
would occur in the metalimnion of Oyster Pond. In these 
experiments, NaHC^Og was used to measure CO2  fixation.
Light bottle fixation of represents the total C02  fixed
by photosynthetic and non-photosynthetic organisms, while 
only non-photosynthetic fixation occurs in dark bottles; 
light bottle minus dark bottle fixation represents photo- 
synthetic fixation only.
Some of the limitations of the method must be noted.
It was observed by Steemann-Nielsen (1955) that the values 
obtained by the procedure are intermediate between net 
and gross productivity. In other words, a portion of the 
CO 2  lost by the plankton during respiration is labelled.
The method also neglects the portion of the productivity due 
to plankton passing through the membrane filters employed, 
which in this case had a pore size of 0.45 ju. In addition, 
a portion of the C-^-labelled organic materials may escape 
detection because it is excreted as extracellular products.
The importance of carbon isotope fractionation during CO 2
fixation is not definitely established; as recommended by
12 .Strickland and Parsons (1965) it is assumed that C is 
incorporated at a rate 5% greater than C ^ .  Strickland and
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Parsons (1965) also pointed out, as possible sources of 
error, the participation of intracellular carbonate in photo­
synthesis and the formation of carbamino complexes with C0 2  
in the water under study. Nevertheless, these authors 
attest that most workers feel that the results approximate 
net CC> 2 fixation and the general superiority and greater 
sensitivity of this method over the older method, in which 
evolved oxygen is measured, is widely accepted (Ruttner,
1966) . In addition, the oxygen technique is valid only for
14typical green plant photosynthesis while the C procedure 
can be applied to bacterial photosynthesis and chemo- 
synthesis as well.
For the purposes of this study, most attention was 
directed at the metalimnion. Consequently, samples were 
most closely spaced in this region. Data for 1.5 m were 
obtained for comparison. Maximal photosynthetic activity 
by epilimnetic phytoplankton was expected at approximately 
this depth (judging from pH data). Because only one depth 
in the epilimnion was sampled, it was difficult to estimate 
the total productivity for the entire water column.
Productivity results obtained during the summer of 
1968 and the spring and summer of 1969 are presented in 
Table 31-39 and typical midsummer results are shown 
graphically in Fig. 18.
Photosynthetic productivity at 1.5 m was very high, 
as expected in a eutrophic lake. The range was about 20-75 
mg C/m^/hr, averaging 40-60 mg C/m^/hr, during the summer. 
There was the suggestion of a seasonal cycle, with highest
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productivity occurring in May and June. However, too few 
measurements were made to be able to speculate accurately 
about the annual cycle and the total productivity for the 
year. With one exception, the highest measured photosynthetic 
activity occurred at 1.5 m. On 9/21/68, after a partial 
circulation and an extremely heavy bloom of the blue-green 
alga, Microcystis, maximum photosynthetic activity occurred 
at 4 m (10 8 mg C/m /hr); this was the highest productivity 
observed during the entire study (Table 32).
Typically, there was a decreasing amount of photo­
synthesis from 1.5 m to the metalimnion, but there was often 
a secondary maximum in the sulfide zone. This deep photo­
synthetic activity was observed as early in the season as 
6/25/69 (Table 35), and it occurred through the summer 
(whenever samples in this region were spaced closely enough 
to reveal its presence) (Tables 31, 32, 35 and 38). The 
magnitude of this deep photosynthesis was as high as 40 mg C/ 
m 3/hr (6/25/69 at 6.0 m) but 10 - 30 mg C/m3/gr was more 
common.
The photosynthetic acitvity at depth invariably 
occurred in the upper part of the sulfide zone and correlated 
with the abundance of photosynthetic sulfur bacteria, as judged 
by positive enrichment cultures for Chlorobium and Chromatium 
(Table 22) as well as "in vivo" and "in vitro" absorption 
spectra of water samples (Fig. 15-17). The latter evidence 
especially, indicated the predominance of the green sulfur 
bacteria, which might be expected from the low pH and
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relatively high sulfide concentration (van Niel, 1931).
Although the photo-organotrophs , especially Chloropseudomonas, 
cannot be eliminated from consideration, the evidence from 
the S35 studies below indicated the presence of an active 
flora of photosynthetic sulfur bacteria. Most of this 
evidence supports the conclusion that Chlorobium was the 
predominant phOtosynthetic organism fixing C0 2 in the sulfide 
zone.
Dark C02 fixation was very low in the summer epil- 
imnion (Fig. 1 8 ) and this was also true for the rest of the 
water column during the spring (Tables 33-35). During the 
summer, however, high dark C02 fixation occurred in the 
metalimnion. This dark fixation usually occurred as a 
well-defined peak near the top of the sulfide zone (Fig. 18).
The dark C02  fixation maxima observed in 1968 were 
higher than those observed during 1969. On 7/29/68 dark C0 2  
fixation increased from less than 1 mg C/m3/hr at 1.5 and 3.5 m 
to 26.2 mg C/m3/hr at 5.0 m (Table 31). A partial circula­
tion occurred during September 1968, so that the epilimnion 
extended to almost 6.0 m on 9/21/68 (Tables 5 and 6 ). 
Epilimnetic dark C02  fixation was low (less than 1.2 mg C/ 
m 3 /hr), increasing to 63.8 mg C/m3/hr at 6.2 m (Table 32).
This was the highest dark C0 2  fixation observed during the 
entire study. It was so much higher than the other results 
reported in this thesis and other dark fixation values 
reported in the literature that its validity is questioned.
This high C02  fixation value may represent the activity of
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a sediment flora mixed with the deep water sample; samples 
from 6.2 to 6.5 m sometimes were mixed with flocculent 
sedimentary material. The proximity of the bottom may 
create an ecological situation different from that at higher 
levels of the water column, and results should not be com­
pared directly.
During the spring and early summer of 1969, before 
the pond's stratification was well-established, dark fixation 
was low throughout the water column (Tables 33-35). On 
4/22/69, dark fixation ranged from 1.2-2.1 mg C/m3/hr (Table 
33) and the range was from 0.8-2.3 mg C/m3/hr on 5/22/69 
(Table 34), and from 0.5-2.1 mg C/m^/hr on 6/25/69 (Table 35). 
Obviously, sampling on 7/5/69 (Table 36) was not extended to 
a great enough depth and a dark maximum may have been missed; 
in the samples obtained, dark C0 2 fixation ranged from 0.1-1.5 
mg C/m 3 /hr.
By 7/19/69, a well-defined dark C02  fixation maximum
was evident (Table 37). Dark C0 2 fixation of 15.2 mg C/m3/hr
3was observed at 5.0 m, while that at 5.5 m was 19.4 mg C/m /hr. 
A similar dark CO2 fixation peak was observed on 7/28/69 
(Table 38). The magnitude at 5.0 m was 18.3 mg C/m3 /hr, 
while 13.6 mg C/m3/hr was fixed at 5.5 m. On 8/24/69, peak 
dark CO 2 fixation of 18.9 mg C/m3/hr was observed at 5.0 m 
(Table 39).
Thus, when there was a well-defined stratification 
in the pond, high dark C 0 2 fixation occurred at the top of 
the sulfide zone. The magnitude of this fixation was higher
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than expected and it actually accounted for a major fraction 
of the CC>2 fixed in the water column. Assuming that photo­
synthetic C0 2  fixation occurs only about 1 2  hr per day and 
dark fixation occurs throughout the night as well, the 
importance of the dark CO 2 fixation to the carbon budget of 
the water column becomes more apparent.
Using the data of Tables 31, 37, 38 and 39, curves
of estimated photosynthetic and non-photosynthetic CO 2
fixation for the entire water column were drawn. These
estimates are only approximations. An average of about 
2
2180 mg C/m /day was estimated for total photosynthetic CO 2  
fixation, while the total dark C0 2  fixation was approximately 
610 mg C/m2 /day, or 28% of the photosynthetic productivity.
These estimates were made for the mid-summer period, 
when epilimnetic photosynthesis was not as high as during 
spring and autumn blooms, and when dark fixation was highest. 
Therefore, on an annual basis, the dark C0 2  fixation is not 
as important as during the summer.
According to Emery (1969), the total volume of water 
below 4 m is only about 9% of the total volume of Oyster 
Pond. It would be about 26% of the total volume of a 1 m 2  
water column in the deepest part of the southern basin where 
the measurements were made. Therefore, when considered on 
a whole pond basis, the reactions, such as C02  fixation, 
occurring in this deeper water, are proportionally less 
important. Yet, it is evident that dark C0 2  fixation is a 
major reaction in the carbon economy of Oyster Pond. Maximum
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dark C0 2 fixation did occur in the top portion of the sul­
fide zone at the same depth that maximum numbers of thio- 
bacilli occurred (Tables 13-16). However, a number of other 
types of organisms capable of fixing C0 2 in the dark were 
present in this zone as well.
The results of an experiment in which thiosulfate 
was added to one series of light and dark bottles are shown 
in Table 31. The results are difficult to interpret, 
especially since duplicate bottles were not used. The most 
striking differences were at 4.5 m where the dark bottle 
fixation was higher with added thiosulfate (13.9 mg C/m 3 /hr) 
than without (5.1 mg C/m /hr), and at 5.0 m where the light 
bottle fixation was higher with added thiosulfate (10.5 mg 
C/m3 /hr) than without (2.5 mg C/m 3 /hr). Thus, thiosulfate 
may be a limiting nutrient to photosynthetic and non-photo- 
synthetic organisms fixing C0 2  at these intermediate depths.
An experiment in which various substrates were added 
to populations from the top of the sulfide zone resuspended 
in a medium similar to pond water was performed. There are 
a number of difficulties with this sort of experiment: 1 .
the substrates are not mutually exclusive, e.g., the same 
organism might be able to grow with sulfide, thiosulfate, 
sulfur, and possibly even glucose; 2 . the concentrations of 
nutrients used were merely convenient quantities and did not 
necessarily relate to the concentrations in the pond, and 
were rather high (the experiment was designed to estimate 
"potential activity" rather than activity "in situ”); 3. 
the substrates added may not be the ones which are naturally
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important to a group of organisms (heterotrophic bacteria 
are probably not growing on glucose in the pond and 
nitrifying bacteria might actually be growing at the expense 
of urea); 4. growth factors, etc., may have been left out 
of the "basal medium"; 5. it cannot be assumed that all 
natural nutrients are removed by centrifuging and resus- 
pending in another medium; 6 . endogenous metabolism is 
ignored; 7. the centrifuging step is certain to damage a 
portion of the natural flora (and fauna) and may conceivably 
completely eliminate one group or another; 8 . the fixation 
in nature may depend on a particular association or sequence 
of organisms, which is disrupted by manipulation; 9. the 
dissolved gases and oxidation-reduction potential in the 
environment are altered. Clearly then, the results cannot 
be directly related to the events in the pond. Another dif­
ficulty was that the counts were rather low and the percen­
tage error was therefore high.
In spite of the above limitations, the results in 
Table 40 are discussed and some conclusions drawn. The results 
were compared with those in which no substrates were added.
In the cases of ferrous iron and nitrite, while the results 
did overlap slightly with those of the control, a slight 
inhibition of CO2 fixation was noted. Under these conditions, 
the iron was not stable in solution and there was some floc- 
culent precipitate, probably of ferric hydrates and phos­
phates; also the control blank was higher than most of the 
other blanks (960 cpm vs. 80-440 cpm). The nitrite
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concentrations used were higher than those observed in the 
pond (Fig. 11-13) and the toxic nature of the ion is well- 
known. Ammonium and hydrogen had no measureable effect. 
Sulfide and sulfur, at the 5 mM level, appeared to stimulate 
CC>2 fixation slightly. A definite stimulation by thiosulfate 
was observed; with increasing concentrations of thiosulfate, 
the C0 2 fixation increased. A similar but more dramatic 
effect was noted with methanol and glucose (Table 40).
The results suggest heterotrophic bacteria, methanol- 
oxidizing bacteria, and sulfur bacteria, as among the micro­
organisms fixing major amounts of C02  in the dark at the top 
of the sulfide zone. Negative results, on the other hand, 
do not prove that other groups of microorganisms, such as 
nitrifying bacteria, iron bacteria, and hydrogen bacteria, 
are not important CO 2 fixing bacteria in this stratum.
The results in Table 41 are for an experiment con­
ducted on 7/28/69 in which varying numbers of a pure culture 
of T. thioparus were added to water from 4.5 and 5.0m. It 
was shown that as many as 5 x 10^ cells/100 ml did not mea- 
sureably increase the rate of CO^ fixation. The experiment
was repeated on 11/8/69 (Table 42) with water from 5.5 and
66.2 m, with up to 10 cells/100 ml added. Again, increased 
dark C02  fixation was observed.
The effect of added T. thioparus cells was tested 
again on 3/5/70 (Table 43). A pure culture of T.' thioparus 
was suspended in two different thiosulfate media rather than 
in pond water. Additions of 10^, 10^, and 10^ cells/100 ml
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had no measureable effect on CO fixation. When 1 0  ^ cells/
2
100 ml were added, on the other hand, increased C02  fixation 
occurred. In spite of the different amounts of inorganic 
carbon in the two media, the C0 2 fixation was quite similar
3
(2.34 mg C/m /hr in the Basal Medium plus 0.4 g/1 Na 2 S 2 0 3 *
5H2 0; 3.02 mg C/m /hr in Medium B). The inoculum had been 
grown in Medium B.
In order to check these results, the following assump­
tions were made: 1. an average Thiob a'c i'lTus cell is a
cylinder 0 . 6  ju in diameter and 1.5 «  long; 2 . this cell has 
a specific gravity of 1.1 and 75% of the wet weight is water;
3. the dry weight is 10% ash and the organic matter has 
the following composition: (CH2 O) 1 0 6 (NH3 )ig(H3 PO4 ) (Redfield,
1958); 4. the cell is dividing logarithmically and has a 
generation time of 2 2  hr, as determined in growth curves at 
20 C in Medium B; 5. all of the Thiobacillus cell's carbon 
is derived from CO^. Accordingly, one cell would fix 1.7 x 
10- 1 3  mg c/hr. If there are 102  cells/100 ml, then the 
fixation would be 1.7 x 10”  ^ mg C/m 3 /hr. For 10 4 cells/100 ml, 
the fixation would be 1.7 x 10”  ^mg C/m 2 /hr; 1.7 x 10“ 3 for 
10^ cells/100 ml; 1.7 mg C/m2/hr for 10^ cells/100 ml. The
p
agreement with the pure culture experiment with 1 0  cells/
100 ml (2.34-3.02 mg/m3/hr in Table 43) is quite good.
The maximum MPN of thiobacilli observed in 100 ml 
was 4900. The experiments designed to evaluate the enumera­
tion indicated a recovery of better than 50%. Therefore, a 
maximum estimate would be 1 0 4 thiobacilli per 1 0 0  ml which 
could account for 10 ” 4 - 10“ 3 mg C/m3 /hr.
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To determine the likelihood that photosynthesis by 
Chlorobium accounted for most of the photosynthetic pro­
ductivity in the sulfide zone, similar calculations were 
made. It was assumed that: 1. an average Chlorobium cell
is a cylinder 0.8 ja  in diameter by 1.2 a jl long (Larsen, 1953); 
2. the specific gravity of the cell is 1.1 and 75% of the 
wet weight is water; 3. the dry weight is 10% ash and the 
organic matter has the composition: (CH2 0)i0 g(NH3 ) ^ ( H 3 PO4 )
(Redfield, 1958); 4. the cell is in logarithmic growth with 
a generation time of 24 hr (this may be a gross estimate of 
Chlorobium generation time, but a long generation time is 
likely, due to the poor light conditions); 5. the Chloro­
bium cell's carbon is derived entirely from C02 . According 
to these assumptions, one cell would fix 2.2 x 10“12 mg C/hr. 
If there were 10^ cells/ml (the maximum number observed 
microscopically was 5 x 10^/ml (Page 123)), they could 
account for the fixation of 22 mg C/m^/hr. The magnitude of 
the deep photosynthetic activity observed averaged from 
10-30 mg C/m3/hr (Tables 31, 32, 35 and 38). Thus, Chloro­
bium could account for the majority of the sulfide zone 
photosynthetic activity.
Sulfide Oxidation Studies
Since a pronounced stratification of sulfur compounds 
was observed in Oyster Pond, as well as a varied flora of 
microorganisms capable of oxidizing inorganic sulfur com­
pounds, it was desirable to estimate the relative importance
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of the various groups of organisms vs. non-biological 
mechanisms in the oxidation of sulfide. Oxidation studies 
using S^^-labelled sulfide were performed. This method is 
capable of distinguishing between abiotic, photosynthetic, 
and non-photosynthetic biological oxidation. Oxidation in 
the presence of formalin represents abiotic oxidation only; 
dark bottle oxidation in the absence of formalin includes 
non light-dependent biological oxidation as well; light bot­
tle oxidation in the absence of formalin includes abiotic, 
non-photosynthetic, and photosynthetic biological oxidation.
The results are shown in Tables 44 and 45 and the 
data are illustrated in monograph form in Fig. 19 and 20.
In each case, the time period was 24 hr. The results are 
expressed in percentage of the total cpm occurring in each 
fraction: sulfide, "cells", elemental sulfur, sulfate, and
a soluble fraction. The ampoules contained 90.4-95.7% 
sulfide, with minor amounts of "cells", sulfur, and sulfate. 
In most cases the soluble fraction w a s determined by dif­
ference. This fraction was likely to have included sulfite, 
polythionates, and thiosulfate, since these ions were not 
precipitated by treatment with CdCl2  or B a C ^ .
Before considering the results, the problems with 
this method are presented: 1 . the presence of impurities
in the original sulfide is almost unavoidable (Ivanov, 1957) ; 
2 . this is not a static situation and it is possible that 
a portion of the originally oxidized sulfide may be reduced 
again; it will be assumed that the bulk of the labelled
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sulfur remained in the oxidized state; 3. oxidation of 
sulfide may proceed in a stepwise manner; this would be dif­
ficult to assess; 4. it is not known what portion of each 
of these fractions is intracellular; it is possible that a 
large percentage of the sulfur is inside the cells; 5. in 
cases where the cpm are low, the percentage of error is 
higher.
On 7/5/69, the cellular sulfur fraction was high 
(4.1 - 17.1%) probably, as subsequent experiments indicated, 
because the extraction procedure for elemental sulfur was at 
fault (Table 44). Much of this cellular sulfur fraction was 
likely to be elemental sulfur. On 8/15/69 and later, an 
improved extraction procedure was used and the cellular 
sulfur fraction was considerably smaller (0.4 - 2.3%)
(Tables 45-47). Only a small portion of the sulfide became 
incorporated into cells.
At 1.5 m on 7/5/69, sulfide oxidation was almost 
complete; only 1.4 - 2.9% of the label appeared as sulfide 
after 24 hr (Table 44). The bulk of the product was sul­
fate (73.4 - 77.0% of the S ^ ) . The differences between 
results in light and dark bottles and those with and without 
formalin were minor. The sulfate fraction was slightly 
smaller (by 1.5 - 3.6%) in the presence of formalin than in 
its absence, and the soluble fraction was slightly larger 
with formalin than without. Thus, epilimnetic sulfide 
oxidation was almost entirely non-biological. This conclusion 
was expected from the high oxygen concentration and lack of
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reduced sulfur compounds at this level. The lack of sulfide 
precludes calculations of the actual rate of sulfide oxida­
tion.
At 5.0 m, the differences were more significant 
(Table 44). Light and dark abiotic oxidation differed some­
what. In the dark 19.8% remained as sulfide after 24 hr 
compared to 17.6% in the light. The "cells" plus sulfur 
fractions totalled somewhat more in the dark than in the 
light (39.0% compared to 32.1%). Also, the sulfate fraction 
in the dark was smaller than that in the light (35.3% com­
pared to 43.1%). The soluble fraction was about 6 % in both 
cases. Thus, there may have been a stimulatory effect of 
light on abiotic oxidation of sulfide and sulfur. This 
apparent stimulation was not seen at 6.0 m (Table 44) nor on 
8/15/69 at 5.0 m (Table 45).
The oxidation rates at 5.0 m were higher in the 
absence of formalin than abiotically. In the dark, 12.3% of 
the S 3 5  appeared as sulfide, 33.3% in the "cells" plus 
sulfur fractions, 4.4% soluble, and 50.1% as sulfate (Table 
44). Further oxidation of sulfide and soluble sulfur com­
pounds, mostly to sulfate had occurred. In the light, 7.9% 
appeared as sulfide, 24.5% in the "cells" plus sulfur frac­
tions, 2.6% in the soluble fraction and 6 5.0% as sulfate, 
indicating increased oxidation of sulfide, sulfur, and 
soluble sulfur compounds, largely to sulfate (Table 44).
When oxidation rates at 5.0 m were calculated from 
data in Tables 6 and 44, dark abiotic oxidation of sulfide
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in 24 hr amounted to 0.436 mg S/liter; about one-half of 
the product was sulfate, about one-half was probably sulfur, 
with a small amount of soluble products. Photosynthetically, 
0.004 mg sulfide-S/liter were oxidized, but sulfate produc­
tion was greater (0.039 mg S/liter). Of this sulfate,
0.008 mg S/liter resulted from oxidation of soluble sulfur 
compounds and most of the rest probably from sulfur oxidation. 
Non-photosynthetic biological sulfide oxidation amounted 
to 0.050 mg S/liter, but, again, sulfate production was 
greater (0.080 mg S/liter). Apparently, about 10% of the 
sulfate resulted from oxidation of soluble compounds and the 
rest probably from sulfur.
At 6.0 m, the differences between the rates and 
products of abiotic oxidation in the light vs. in the dark 
were minor (Table 44). In either case, the sulfide fraction 
amounted to about 1 0 %, the "cells" plus sulfur fractions 
totalled 5.7 - 5.8%, the soluble fraction was 6 8 %, and the 
sulfate fraction was about 10%. Thus, although a relatively 
large proportion of the sulfide was partially oxidized, a 
major fraction of it was not oxidized to sulfate. A large 
sulfite, thiosulfate, plus polythionates fraction appeared 
instead.
Dark oxidation in the absence of formalin at 6.0 m 
yielded the following totals: sulfide 8 .1 %, "cells" plus
sulfur 7.5%, soluble sulfur compounds 67.5%, and sulfate 
16.9% (Table 44). There was biological oxidation of sulfide 
leading to slightly greater amounts of sulfur and sulfate.
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These totals compare to the following totals in the light 
in the absence of formalin: sulfide 6.5%, "cells" plus
sulfur 6 .1 %, soluble sulfur compounds 6 8 .1 %, and sulfate 
19.3% (Table 44). These results indicate that some photo­
synthetic oxidation of sulfide and sulfur, largely to sul­
fate, took place.
At 6.0 m much more sulfide was present than at 5.0 m 
(Table 6 ), Consequently, the rate of sulfide oxidation was 
proportionally higher. Yet a smaller portion of this sulfide 
was completely oxidized to sulfate, possibly due to less com­
munication with oxygenated surface water. Using data from 
Tables 6 and 44, dark abiotic oxidation at 6.0 m yielded 
8.78 mg sulfide oxidized/liter in 24 hr, 1.59 mg S/liter to 
sulfate and the majority (6.62 mg S/liter)to soluble sulfur 
compounds. Somewhat higher oxidation rates were observed 
in the absence of formalin than in the presence of formalin. 
Photosynthetic oxidation of sulfide amounted to 0.23 mg S/ 
liter, but 0.30 mg sulfate-S/liter and 0.05 mg soluble S/ 
liter were produced. Most of this difference was probably 
due to oxidation of elemental sulfur. Non-photosynthetic 
biological oxidation of sulfide amounted to 0.15 mg S/liter, 
but only one-third of this resulted in the production of 
sulfate; most of the rest of this sulfide probably was 
oxidized to elemental sulfur. This is indirect evidence 
for the activity of organisms oxidizing sulfide only as far 
as sulfur. Also, 0.06 mg S/liter of soluble sulfur compounds 
were oxidized.
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On 8/15/69 at 5.0 m, the difference between abiotic 
oxidation in the light vs. in the dark were relatively 
small (Table 45). After 24 hr, the following totals were 
observed: sulfide about 20.4%, cellular sulfur about 1.5%,
sulfur 1 1 . 0  - 1 2 .2 %, soluble sulfur compounds about 2 1 % and 
sulfate about 45%. In the absence of formalin, the oxidation 
rates were somewhat higher than in its presence. In the 
dark, the sulfide fraction constituted 16.1%, cells 2.3%, 
sulfur 8 .8 %, soluble sulfur compounds 19.6%, and sulfate 
53.2%. Apparently, further oxidation of sulfide, sulfur, 
and soluble sulfur compounds resulted in increased amounts 
of sulfate. In the light, the totals were: sulfide 13.6%,
cells 2.1%, sulfur 5.0%, soluble sulfur compounds 14.9%, and 
sulfate 63.5%. This increased oxidation of sulfide, sulfur, 
and soluble sulfur compounds, largely to sulfate, was 
attributed to photosynthetic activity.
From data in Tables 6  and 45, calculations indicated 
that in 24 hr, dark non-biological sulfide oxidation amounted 
to 4.00 mg S/liter; of this 2.24 mg S were oxidized to sul­
fate, 0.61 mg S to elemental sulfur and 1.07 mg S to soluble 
compounds. Photosynthetic sulfide oxidation amounted to 
0.17 mg S/liter, while sulfate production in the amount of 
0.37 mg S/liter was observed. Most of this additional 
sulfate apparently resulted from oxidation of soluble sulfur 
compounds. Non-photosynthetic biological activity resulted 
in the oxidation of 0.18 mg sulfide-S/liter, while 0.41 mg 
sulfate-S/liter were formed. The additional sulfate resulted 
from the oxidation of both sulfur and soluble compounds.
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In summary of this data (Fig. 18 and 19), photosyn­
thetic oxidation of sulfide in 24 hr at 5 - 6 m during the 
summer ranged from 0.895 - 4.03% of the amount oxidized 
abiotically; sulfate production by photosynthetic means was 
quantitatively more prevalent (2.03 - 19.6% of the abiotic 
rate). Non-photosynthetic biological oxidation of sulfide 
ranged from 1.15 - 4.50% of the abiotic rate, while sulfate 
production ranged from 3.14 - 18.3% of the abiotic rate.
Because the effective light period at these depths was 
probably less than 1 2  hr, and since non-photosynthetic oxi­
dation occurred in the dark as well, on an hourly basis dur­
ing daylight hours rather than on a daily basis, photosynthetic 
oxidation was considerably more important than non-photosynthetic 
oxidation.
The data from these experiments showed that with 
(Table 6 ; Fig. 19 and 20) increasing sulfide concentration 
in the water, the soluble fraction increased and proportionally 
less sulfate resulted by abiotic means. Photosynthetic and 
non-photosynthetic oxidation rates were quantitatively 
equivalent and neither contributed a large proportion to the 
total oxidation rate. In both photosynthetic and non-photo­
synthetic oxidation, sulfide, sulfur, and soluble sulfur 
compounds were oxidized.
When varying numbers of a pure culture of T.' thio­
parus were added to water from 6.2 m on 11/8/69 (Table 46 
and Fig. 21) and the bottles were incubated in the dark, 
very little difference was observed between bottles with
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different numbers of added cells and between bottles with and 
without formalin. Thus, as many as 10® cells/100 ml did 
not measureably increase the oxidation rate. After 24 hr,
36.3 - 38.9% remained as sulfide, 10.4 - 13.9% appeared as 
sulfur, 6 . 6  - 9.6% as soluble sulfur compounds, and 38.0 - 
42.4% as sulfate.
On 3/11/70, this type of experiment was repeated, 
except that the thiobacilli were added to ausynthetic medium 
containing 1.0 ppm sulfide rather than pond water (Table 47
g
and Fig. 2 2) . Again, in the presence of up to 10 cells/100 ml, 
no measureable increase in the oxidation of sulfide was 
observed. Considerably greater oxidation rates were observed 
when 10® cells/100 ml were added. In the presence of 10® 
cells/ 1 0 0  ml, distinct differences were noted between bottles 
with and without formalin. In 24 hr, in the presence of 
formalin, the following totals were observed: sulfide 17.6%,
sulfur 23.3%, soluble sulfur compounds 10.6%, and sulfate 
47.7% (Table 47). In the absence of formalin, the totals 
were: sulfide 15.2%, sulfur 20.1%, soluble sulfur compounds
1.8%, and sulfate 61.4%. Clearly, biological oxidation of 
sulfide, sulfur, and especially soluble compounds, largely 
to sulfate, had occurred.
When oxidation rates were calculated from calcula­
tions of data in Tables 6 and 47, it was found that in the
o
1 0  cells/ 1 0 0  ml control, abiotic oxidation of sulfide in 
24 hr amounted to 0.911 mg S/liter; of this, 0.528 mg S was 
oxidized to sulfate, 0.258 mg to sulfur, and 0.107 mg to
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soluble compounds. In the absence of formalin, an additional 
0.151 mg sulfate-S/liter were formed, 0.027 mg from sulfide, 
0.036 from sulfur, and 0.087 from soluble sulfur compounds.
The results were reconsidered by calculating the 
amount of sulfide oxidation that Chlorobium and Th i'ob ac'ilius 
spp. account for. The calculations were similar to those 
in the productivity section (pages 147- 148). It was 
estimated that the population of Chlorobium might account 
for a productivity of 22 mg C/m /hr (page 148). Larsen 
(1952) showed experimentally that for every mg of carbon 
fixed by Chlorobium limicoia, 1.69 mg sulfide were oxidized, 
while the ratio was 1:1.52 for C. 'th'iosuif at'ophiium.
Although his conditions were different from those in Oyster 
Pond, a mean S:C ratio of 1:1.6 was assumed. Then, the 
population of Chlorobium would oxidize about 0.84 mg sulfide- 
S/liter in one day. Experimental results for 5 - 6 m during 
the summer ranged up to 0.23 mg sulfide S oxidized/l/day and 
up to 0.37 mg sulfate S formed/l/day. Thus, much of the 
sulfide oxidized by light-dependent biological activity may 
have been accomplished by photosynthetic sulfur bacteria.
When similar calculations were made for thiobacilli, 
their significance was less evident. It was estimated that 
the Thiobacillus population would account for a productivity 
of 1.7 x 10~ 4 mg C/m3/hr (page 147 ). Assuming an efficiency 
of about 6 - 9 %  (Baas-Becking and Parks, 1927), and a 
requirement of 118 k cal for every mole of C0 2 reduced to 
(CH2 0), this is equivalent to a caloric requirement of
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about 5 x 10- 2  cal/m3 /hr. The complete oxidation of 1 mole 
of HS“ to H 2 SO4 yields 160 k cal (Sokolova and Karavaiko, 
1968), therefore, about 3.13 x 10”  ^mM sulfide S/m3/hr would 
have to be oxidized. This is equivalent to about 2.4 x 10“4 
mg S/liter/day, obviously much less than the observed dark 
biological sulfide oxidation at 5 - 6  m during the summer 
(0.05 - 0.18 mg sulfide S/liter/day). By these same assump-
O
tions, 10 thiobacilli/100 ml would oxidize 2.4 mg sulfide 
S/liter/day. When this number of thiobacilli were present 
(3/11/70; Table 47), a sulfide oxidation rate of 0.151 mg/ 
liter/day was observed, or about one log lower than the 
estimated rate. Such a discrepancy could be explained by 
efficiency greater than 6 - 9 % ,  counting error, or essentially 
adverse conditions for the added thiobacilli. It should be 
noted that the inoculum was grown on thiosulfate in Medium B, 
while the experiment was conducted in a sulfide medium.
Also, Sokolova and Karavaiko (196 8 ) and Hempfling and Vishniac 
(1967) have demonstrated energy transfer efficiencies 
greater than 6  - 9%.
The results of the sulfide oxidation studies indi­
cated that the population of thiobacilli observed in Oyster 
Pond was insufficient to account for the observed rates of 
non light-dependent biological oxidation of sulfide. The 
activities of other non light-dependent organisms, such as 
other colorless sulfur bacteria and heterotrophic bacteria 
are suggested. On the other hand, the population of Chloro­
bium was sufficient to account for the observed rates of
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light-dependent biological sulfide oxidation.
Sediment Analyses
The sediments at station were analyzed in order to 
gain some insight into the interactions between the sediments 
and the overlying water column with regard to sulfur bio­
geochemistry .
The sediments at station 18 were fine grey to black 
organic muds, with an admixture of sand. Occasionally, 
pieces of cinders, twigs, etc., were found. The sediments 
had a distinct sulfide smell and were 1-3 C cooler than the 
overlying pond water during the summer.
The results of the analyses of sediments collected 
on 8/15/69, 11/13/69, and 1/15/70 are shown in Table 48.
The sediments were 74.8 - 77.0% water. Organic matter 
accounted for 13.3 - 17.2% of the dry weight; a general 
seasonal increase in organic matter was observed. The 
chlorinity was somewhat lower on 1/15/70 (12.0 ppt) than 
on 8/15/69 or 11/13/69 (14.5 - 14.9 ppt).
On 8/15/69, 453 ppm sulfate-S were observed. There­
fore, the sulfate:chloride ratio was 0.090. There were 246 
ppm free sulfide and 439 ppm S acid-soluble sulfide.
Pyrite-S amounted to 16 80 ppm and there were 10.2 ppm 
elemental sulfur. The ratio of total inorganic sulfur 
(as SO^~) :chloride was 0.569. When compared with the S O ^ r C l ” 
ratio of seawater (0.1394) there was an apparent excess of 
2135 ppm sulfur in the sediment (Table 48).
160
The sediments collected on 11/13/69 were only 
partially analyzed. The observed 527 ppm sulfate-S yielded 
a sulfateschloride ratio of 0.109. There were 110 ppm 
free sulfide and 183 ppm acid-soluble sulfide, significantly 
less of these sulfur forms than on 8/15/69 (Table 48).
On 1/15/70, there were 432 ppm sulfate-S in the sedi­
ment, yielding a sulfate:chloride ratio of 0.108, quite similar 
to that on 11/13/69. The free sulfide and acid-soluble 
sulfide content was also similar to that observed on 11/13/69 
(109 ppm and 209 ppm, respectively). There were 1760 ppm 
pyrite-S and 8.7 ppm elemental sulfur. The ratio of total 
inorganic sulfur (as SO^=) :chloride was 0.629, yielding an 
excess of 1962 ppm sulfur (Table 48).
There are at least two alternative explanations for 
this excess sulfur in the sediments: 1 . not all of the
sulfide minerals are derived from the reduction of sulfate, 
but some may be contributed from the dissimilation of sulfur- 
containing organic matter; 2 . there is a net deposition of 
metallic sulfides from the water column.
Results from the North Basin
In order to provide supporting data for the studies 
in the southern basin,a similar, but abbreviated, study was 
conducted at station 3, the deepest part of the northern basin 
(4.2 m ) .
The transparency of the water, as seen in Table 49, 
was similar to that in the southern basin. The mean Secchi
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disc reading was 1.4m. A pronounced thermal stratifica­
tion was observed at this station (Table 50). The maximum 
epilimnetic temperature observed was 27.0 C, and the bottom 
temperature was never higher than 19.4 C. The thermocline 
depth was typically at 3.5 - 4.0 m. The chlorinity was low 
0.6 - 0.9 ppt) and no vertical stratification was observed 
(Table 51). Although this shallower basin did not have a 
halocline like that in the southern basin, a well-developed 
summer thermocline resulted in a stratified water column. 
This part of the pond is more protected from the wind due 
to the surrounding topography and this heightened the 
stability of the water column.
The results of pH determinations appear in Table 52. 
The epilimnetic pH, like that in the southern basin, was 
quite variable (7.7 - 9.6) but the pH of the hypolimnion 
was lower and more constant (6.4 - 6.9). The pH maximum 
was observed at 0.5 - 1.5 m. a  pronounced oxygen strati­
fication was observed as well (Table 53). Dissolved oxygen 
concentrations in the epilimnion ranged up to 10.38 ppm 
(7/27/69 at 1.0 m ) . By late July, oxygen was depleted 
below 3.5 m. Inorganic carbon was also stratified (see 
Tables 62 and 63) increasing from about 8 ppm inorganic C 
at 1.5 m to as much as 25 ppm inorganic C at 4,0 m on 
7/28/69. Sulfide, up to a maximum of 17.2 ppm (8/24/69 at
4.2 m ) , was present in the hypolimnion during the summer 
(Table 54). This sulfide concentration was somewhat lower 
than the maximum observed in the southern basin.
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Other reduced sulfur compounds were observed as well.
A milky turbidity was sometimes seen at about 4.0 m; on
7/27/69, 3.4 ppm elemental sulfur were detected at this 
depth. On 7/27/69 and on 8/24/69, thiosulfate and poly- 
thionates were detected in the water column (Tables 55 and 
56). Up to 0.6 ppm thiosulfate-S and up to 0.5 ppm tetra- 
thionate-S were observed. Sulfite concentrations are shown 
in Table 57; a maximum of 0.15 ppm sulfite-S (7/27/69 at
4.2 m) was detected.
The distribution of T. th'ioparus is shown in Table
58. While T. thioparus was not detected above 4.2 m on
7/5/69, by 7/31/60 a few (20/100 ml) were found even at 1.5 m. 
The maximum MPN in the water column ranged from 130 - 220/
100 ml. A maximum MPN of T. thiooxidans of 50/100 ml was 
observed (Table 59). T. denitrificans was detected only on 
8/25/69, with a MPN of 20/100 ml at 4.2 m (Table 60). The 
number of thiobacilli in the northern basin was considerably 
lower than in the southern basin, but their distribution was 
generally similar.
Although enrichments for photosynthetic sulfur bacteria 
were not made, their presence was likely. The water at 4.2 m 
was quite green on 7/28/69 and 1.0 x 10^ cells/ml were
n
observed by direct microscopic count (compared to 5.0 x 10 
cells/ml at 5.5 m in the southern basin). Most of these 
cells were small, non-motile rods and thus corresponded to 
the morphology of Chiorobium. The presence of members of 
Chlorobacteriaceae at 4.2 m on 7/27/69 was confirmed by the
163
strong absorbance of a methanol extract at 660 mja (the 
absorbance/100 ml water using a 10 ml extract was 0.394). 
There was no "in vivo" peak in this region of the spectrum. 
The "in vitro" absorbance at 770 mp was also low, suggesting 
that purple bacteria were not abundant.
The distribution of heterotrophic bacteria is shown 
in Table 61. While maximum numbers of aerobic heterotrophic 
bacteria occurred in the epilimnion (maximum plate count of 
bacteria 9200/ml), highest plate counts for anaerobic 
heterotrophic bacteria occurred deeper in the water column 
(2100/ml at 3.0 m on 7/5/69).
Data for sulfate-reducing bacteria are shown in 
Table 62. Numbers of sulfate-reducing bacteria in the water 
column were highest at 4.2 m (tube colony count = 400/ml 
on 7/5/69) and were higher in the sediment (9800/g on 7/5/69). 
The numbers were slightly lower than in the water and sedi­
ments of the southern basin.
Productivity data for 7/5/69 are shown in Table 63.
The dark fixation was low (less than 0.6 mg C/m^/hr) at all 
depths studied, while the photosynthetic productivity was
q
relatively high (33.6 mg C/m /hr) at 1.5 m, decreasing
toward the bottom. On 7/28/69 (Table 64) the photosynthetic
3
productivity was again highest at 1.5 m (49.2 mg C/m /hr) 
and decreased toward the bottom. The photosynthetic activity 
at 4.0 m may represent the activity of photosynthetic sulfur 
bacteria since sulfide was found at this depth (Table 54).
Dark fixation increased from 0 mg C/m^/hr at 1.5 m to 20.0 
mg C/m /hr at 4.0 m.
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Although the northern basin is shallower and does 
not exhibit a saline stratification, it is similar to the 
southern basin in other respects. There was a similar 
stratification of temperature, pH, dissolved oxygen, 
carbonates, and reduced sulfur compounds. The lower numbers 
of thiobacilli may have been a result of the somewhat lower 
concentrations of sulfide and other reduced sulfur compounds. 
This, in turn, may have reflected the lower salinity ( and 
consequently lower sulfate content) of the water. The high 
dark CO 2 fixation at 4.0 m on 7/28/69 (Table 63), in spite 
of the low numbers of thiobacilli (Tables 58-60), suggests 




During the summer, Oyster Pond displays all the 
characteristics of an anoxic basin. The combined effects of 
the halocline, the thermocline, and the high biological 
productivity lead to a thoroughly stratified aquatic environ­
ment. The epilimnion is characterized by oxygen supersatura­
tion, high and variable pH, and low concentrations of inorganic 
nutrients. The hypolimnion lacks dissolved oxygen, has a 
lower and relatively constant pH, and contains high concen­
trations of inorganic nutrients. While the only inorganic 
sulfur species present in the epilimnion is sulfate, the 
hypolimnion contains high concentrations of sulfide and 
measurable concentrations of thiosulfate, polythionates, and 
sulfite. The metalimnion is characterized by a number of 
gradients: temperature, salinity, oxygen, pH, carbonates,
phosphate, ammonium, and reduced sulfur compounds, and by the 
presence of colloidal elemental sulfur. The metalimnion is 
thus a primary zone of oxidative and reductive processes of 
the various nutrient cycles.
Since most of the sulfate is derived from diluted 
seawater, the sulfate:chloride ratio provides a comparative 
index (Fig. 7 and 8 ). The sulfate depletion in the hypo­
limnion is explicable by the occurrence of sulfate reduction 
in this zone. Such a depletion was observed by Yoshimura 
(1932) in the hypolimnia of Lakes Hiruga and Suigetu, by 
Koyama and Sugawara (1953) in the hypolimnion of Lake 
Aburagafuchi, by Emery and Rittenberg (1952) in sediment
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cores from the California basins, and by Emery (1969) in 
Oyster Pond. The hypolimnetic sulfate depletion in Oyster 
Pond correlated with the occurrence of sulfide and other 
reduced sulfur species. But the total amount of inorganic 
sulfur in the hypolimnion was considerably lower than pre­
dicted, except on 7/2/69, when the total inorganic sulfur 
equalled the amount expected from seawater sulfate (Table 12). 
It is likely that some of the sulfide was removed from the 
hypolimnion by upward diffusion or by precipitation.
The metalimnion was somewhat enriched in sulfate, 
though the magnitude of the enrichment varied considerably 
(Fig. 7 and 8 ). Sulfate enrichments were observed by 
Yoshimura (1932) in the metalimnion of Lake Suigetu, but not 
Lake Hiruga, by Koyama and Sugawara (1953) throughout the 
metalimnion and epilimnion of Lake Aburagafuchi, and by van 
Gemerden (1967) in the metalimnion of Lake P.luss in northern 
Germany. Since the metalimnion of Oyster Pond was enriched 
in total inorganic sulfur compounds (Table 12), it is likely 
that a portion of the sulfide formed by sulfate-reduction in 
the hypolimnion diffused upward and was oxidized in the 
metalimnion.
The low sulfate:chloride ratio often observed in the 
top 1-2 m of the epilimnion (Fig. 7 and 8 ) is difficult to 
explain. A similar phenomenon was observed by Yoshimura 
(1932) in the epilimnion of Lake Suigetu. In aerobic sea­
water, sulfate is usually regarded as a conservative nutrient 
(Harvey, 1963). Emery (1969) reported a sulfate:chloride
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ratio of local groundwater of 0.445 and a sulfate content of 
only 16 ppm. According to Junge (1960) the mean sulfate con­
tent of rainwater over land is 2 . 2  ppm while the sulfate 
content of rainwater over the oceans averages 0.5 ppm. Junge 
reported that the sulfate:chloride ratio of rainwater is 
considerably greater than that of seawater, especially over 
land areas. Therefore, groundwater and rainwater would 
increase the sulfate:chloride ratio rather than decrease it.
A possible explanation for the sulfate depletion in 
the epilimnion is photosynthetic demand. All cells contain 
organic sulfur, mostly in the form of amino acids. Kaplan, 
et al_. (1963) found the total sulfur content of marine organ­
isms (excluding shells) to average 1.15% dry weight for algae 
and 0.89% dry weight for zooplankton. Vinogradov (1953) 
reported that marine Crustacea and fish average 0.82% and 
0.78% sulfur, respectively. Schuette (1918) observed that 
the sulfur content of Lake Mendota plankton averaged 0.59%, 
while Schuette and Adler (1927) observed that the sulfur con­
tent of rooted plants of Lake Mendota was 0.85% for Valisneria 
and 0.82% for Potamogeton. Roberts, et al_. (1955) reported 
that Escherichia coli cells are about 1.12% sulfur. Using the 
above data, average organic matter was estimated to be 0 .8 8 % 
sulfur. Richards (1965) had proposed that average organic 
matter has the empirical formula, (CH2 0)^Qg(NH3 ) ^  H 3 PO4 . A 
formulation including sulfur is proposed here: (CH2°^106
(NH3 ) (H-jPO^) (H2 S) . By this formula the ratio of carbon: 
sulfur (by weight ) is 39.8.
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The mean primary productivity at 1.5 m on 7/5/69, 
7/19/69, 7/28/69, and 8/24/69 (Tables 36-39) was 49.2 mg 
C/m 3 /hr. If it is assumed that this represents the average 
productivity in the top 2 m of the water column during the 
summer, and that there are 1 2  hr of effective photosynthesis 
per day, then the productivity in the top 2  m 3 of the water 
column is 1180 mg C/day. The photosynthetic requirement for 
sulfate-S in the top 2 m 3 would be 29.5 mg S/day.
Considering the stability of the water column, it 
was assumed that the top 2  m is readily exchanged while the 
remainder of the water column is a nutrient trap. The volume 
of water above 2 m is about 63% of the total volume of Oyster 
Pond or 470,000 m 3  (Emery, 1969). Emery estimated the average 
daily discharge from the pond (outflow plus evaporation) to 
be 3000 m 3 . Therefore, the residence time of water in the 
top 2 m was estimated to be 157 days. During this period of 
time, there would be a photosynthetic requirement of about 
4670 mg sulfate-S. The depletion of sulfate-S observed in 
the top 2 m ranged from 4200-7100 mg S, except on 8/15/69, 
when an excess of 2400 mg S was observed (Table 12). This 
change in epilimnetic sulfate content between 8/1/69 and 
8/15/69, may have been due to mixing with sulfate-rich water 
from below. Such partial mixing occurred occasionally during 
the summer, as judged by temperature and chlorinity data 
(Tables 2 and 3).
The maximum sulfide concentration in the hypolimnion 
of Oyster Pond ranged from 12.5-50.9 ppm during the summer
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(Table 6 ). This was a higher concentration than that 
observed in such marine anoxic basins as the Cariaco Trench 
(Richards and Vaccaro, 1956), Lake Nitinat, British Columbia 
(Richards, et al., 1965), and the Black Sea (Zenkevich, 1963), 
but it was lower than that observed by Takahashi and Ichimura 
(1968) in some Japanese brackish lakes. Among the factors 
which affect the actual sulfide concentration of anoxic 
environments are stability of the water column, availability 
of sulfate, and availability of organic matter. Although 
not permanently stratified, Oyster Pond has a fairly stable 
water column and an abundance of both sulfate and organic 
matter.
Most other investigators who have worked on similar 
stratified aquatic environments have not reported concentra­
tions of intermediate inorganic sulfur compounds, such as 
sulfite, polythionates, thiosulfate, and elemental sulfur 
(Hutchinson, 1957) . Intermediate sulfur compounds averaged 
1.45% of the total inorganic sulfur content of the water column 
of Oyster Pond during July and August, 1969 (Table 12).
Sulfide averaged 5.76% of the total during the same period 
(Table 12). The contribution of reduced and intermediate 
sulfur compounds to the sulfur economy of the water column is 
illustrated in Fig. 9.
The total amount of inorganic sulfur in the water 
column was compared with the amount predicted from dilution 
of seawater (Table 12). On 7/2/69, there was an enrichment 
of the water column with inorganic sulfur compounds. This
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may have been due to a diffusion of sulfide from the sediments. 
According to Hutchinson (1957) this is likely only in the 
absence of an accumulation of ferrous iron in the hypolimnion. 
If ferrous iron were present, the sulfide would precipitate 
as FeS and sediment out of the water column. It is reason­
able to speculate that ferrous iron accumulation had not yet 
occurred by 7/2/69 in the newly formed hypolimnion. It is 
significant that the amount of inorganic sulfur compounds in 
the hypolimnion on 7/2/69 approximately equalled the amount 
predicted although the metalimnion was enriched in total 
inorganic sulfur compounds (Table 12). This is consistent 
with a steady state hypolimnetic sulfide content, with sulfide 
diffusion from the sediment to the hypolimnion balanced by 
sulfide diffusion from the hypolimnion to the metalimnion, 
where oxidation occurred.
On 7/14/69 and 8/1/69 the water column was depleted 
in total inorganic sulfur compounds (Table 12). Such a 
depletion may be explained by: 1 . uptake by organisms;
2. volatilization of into the atmosphere; 3. flush of
water rich in sulfur compounds out of the pond; 4. net 
deposition of sulfides from the water column.
The total primary productivity in the water column 
was estimated to be 2180 mg C/m^/day during the summer (p. 143). 
This is equivalent to a demand of 54.8 mg S/m^/day coincident 
with the "de novo" formation of organic matter in the water 
column. The standing drop of organic matter at any time is 
undoubtedly greater than this, but since all the trophic
171
levels of the pond ultimately depend on primary productivity, 
it is unreasonable to expect a net uptake of sulfur into 
organic matter very much greater than 54.8 mg S/m2 /day. By 
this rate, it would take 967 days to form the depletion of 
53,005 mg inorganic sulfur observed on 7/14/69 (Table 12); 
this is much longer than the residence time for the water in 
Oyster Pond.
According to Eriksson (1961), volatilization of hydro­
gen sulfide into the atmosphere from aquatic and sedimentary 
environments is extremely unlikely if a layer of oxygenated 
water is above the sulfide zone. Ostlund and Alexander 
(1963), working with Florida Bay sediments and water and with 
model systems, concluded that except in very shallow areas it 
is doubtful that hydrogen sulfide escapes into the atmosphere, 
except during overturns. Overturns occasionally occur in the 
spring and fall in Oyster Pond, and local residents attest 
that hydrogen sulfide enters the atmosphere at these times 
(Emery, personal communication), but escape into the atmos­
phere is unlikely during the summer stratification.
The metalimnion, containing lighter water than the 
hypolimnion, was more readily exchanged than the hypolimnion, 
although less readily exchanged than the epilimnion. The 
surface currents in the pond on a typical day flowed away 
from the outlet due to wind-drag (Emery, 1969). This might 
have the effect of drawing up water from a greater depth 
for flow from the outlet. In this manner, it is conceivable 
that some metalimnion water, rich in inorganic sulfur com­
pounds, mixed with the surface water near the outlet and
flowed out of the pond.
According to Hutchinson (1957) , progressive accumula­
tion of hypolimnia with ferrous iron may be expected. The 
source of the iron may be largely suspended ferric hydrates 
and other minerals, which are abiotically reduced in the low 
oxidation-reduction potential water of the hypolimnion and 
sediments (Koyama and Sugawara, 1953). On 7/14/69, 8/1/69, 
and 8/15/69, the hypolimnion of Oyster Pond was depleted in 
inorganic sulfur compounds (Table 12). Since the enrichment 
in the metalimnion did not balance with the hypol-imnetic 
depletion, deposition of sulfide minerals, primarily iron 
sulfides, is suggested. Net deposition of sulfides from the 
water column of lakes with anoxic hypolimnia is a common 
occurrence (Hutchinson, 1957).
The sediments had the blackened color characteristic of 
sediments rich in iron sulfides, and the presence of free 
sulfides, acid-soluble sulfides, and pyrite was confirmed by 
chemical analyses (Table 48). That the total amount of sul­
fides observed is not explicable by "in situ" sulfate- 
reduction is evidenced by the large excess of inorganic sul­
fur in the sediment compared to diluted seawater. The mean 
excess inorganic sulfur in the sediment was 2049 ppm (Table 
48). Emery (1969) estimated the sedimentation rate of 
Oyster Pond to be 100 mg/cm 2 /yr. The annual excess was thus 
2049 mg S/m , which may have been deposited by "in situ" non­
specific sulfate-reduction or by sedimentation of sulfide minerals 
from the overlying water column.
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Nriagu (1968) estimated that 45% of the sulfides in 
the sediments of Lake Mendota resulted from non-specific 
sulfate-reduction, whereas Kaplan, et al. (1963) concluded 
that non-specific sulfate-reduction accounted for only a 
small portion of the sulfides in the California basin sedi­
ments. Lake Mendota differs from the California basins by 
containing greater quantities or organic matter and less 
sulfate. Oyster Pond contains abundant organic matter and a 
good supply of sulfate, although less than marine waters; on 
the basis of this comparison the contribution of the non­
specific sulfate-reducing organisms may be expected to be 
intermediate between that in Lake Mendota sediments and that 
in the sediments of the California basins.
The mean organic matter content of the Oyster Pond 
sediment was 15.2% (Table 48). If this organic matter had 
the composition of "average organic matter" it would be 0 .8 8 % 
sulfur (p. 1 2  ) t representing 1350 ppm sulfur. However, 
according to Hulsemann and Emery, the carbon:nitrogen ratio 
of organic matter, at station 18 in the southern basin was 
9.2 (Emery, 1969). The carbon: nitrogen ratio of the model for 
average organic matter is 5.7, implying that the protein and 
amino acid fraction in the sediment was relatively low, 
possibly due to the presence of cellulose-containing plant 
residue. Since most of the organic sulfur was expected to 
be in the form of amino acids and protein, the sediment was 
estimated to contain 840 ppm organic sulfur on the basis of 
the organic nitrogen content. Even if 100% of the organic
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sulfur were released as sulfide, there would not be enough 
to account for the observed excess inorganic sulfur. Since 
Degens and Emery reported the presence of cysteine and 
methionine as free amino acids in the sediments of station 
18, it is clear that complete decomposition of sulfur- 
containing organic matter in the sediment had not occurred 
(Emery, 1969). Considering the observed inorganic sulfur 
depletion in the water column, it is reasonable to conclude 
that deposition of sulfides from the water column is the 
primary source of the excess inorganic sulfur in the sedi­
ment. The question could be settled with more certainty by 
the use of S^-labelled sulfate and organic matter.
Free sulfides, acid-soluble sulfides, and pyrite 
were all found in the sediment? of the three forms, free 
sulfides were the least abundant and pyrite by far the most 
abundant. The quantity of pyrite in the sediment was simi­
lar to that in the sediment of Little Round Lake, Ontario 
(Vallentyne, 1963). The relatively high amount of acid- 
soluble sulfides and pyrite may reflect an abundance of iron 
in the sediment of Oyster Pond (Emery and Rittenberg, 1952). 
The data does not lend support to the theory that black muds 
are being deposited too rapidly for alteration of melnikovite 
to pyrite to occur (Emery and Rittenberg, 1952).
The accumulation of carbonates (Tables 31-39), 
ammonium (Fig. 11-13), and phosphate (Fig. 14) in the hypo­
limnion of Oyster Pond is indicative of heterotrophic de- ■ 
composition of organic matter in the water column. The data
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were compared to the model for complete oxidation of organic 
matter at the expense of dissimilatory sulfate-reduction 
which was proposed by Richards, et al. (1965); the model was 
adapted somwhat by including organic sulfur in the empirical 
formula for average organic matter (p. 167).
(CH2 0) 1 0 6  (NH3) 1g (H3 PO4 ) (H2 S) + 53 S04= ---►
106 C0 2 + 54 S= + 16 NH 3 + 106 H20 + H 3 P04 + 2 H+
The mean ratio of oxidation equivalents (calculated by 
multiplying the sulfide concentration, meq/liter, times 4) 
to P04=, meq/liter, at 6.0 and 6.5 m on 7/2/69, 7/14/69, and 
8/1/69 (Table 6 and Pig. 14) was 112.4, whereas the ratio 
predicted from the model was 216. When sulfate-depletion 
rather than sulfide-accumulation was used to calculate 
oxidation equivalents, the ratio was 243.4. Thus, the agree­
ment with the model was considerably closer when sulfate- 
depletion was used than when sulfide-accumulation was used, 
indicating that depletion of the sulfide in the hypolimnion 
had occurred.
Aerobic heterotrophic bacteria were most abundant 
in the epilimnion whereas anaerobic heterotrophic bacteria 
were more abundant in the hypolimnion (Tables 25-27) . Colony 
counts for heterotrophic bacteria were in the range of 1 0 -*- 
10^/ml during the summer. According to Jannasch and Jones 
(1959), the macrocolony plating procedure for enumeration 
of marine heterotrophic bacteria yields an underestimate of 
the number of heterotrophic bacteria present in the sample. 
They found that an MPN procedure gave counts 20 times higher
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than the macrocolony counts, and that a microcolony count 
using membrane filters gave counts. 35 times higher than the 
macrocolony counts. Direct microscopic counts were 13-9700 
times higher with seawater samples than cultural techniques. 
Therefore, the plate count data in Tables 25-27 were too low 
at least by a factor of 1 0 .
The media used for the dissimilatory sulfate- 
reducing bacteria and the non-specific sulfate-reducing 
bacteria were quite specific (Table 30). The results of 
enumeration of the two groups of bacteria (Tables 28 and 29) 
indicated that the dissimilatory sulfate-reducing bacteria 
were as abundant or more abundant than the non-specific sulfate- 
reducing bacteria in the hypolimnion and considerably more 
abundant in the sediment. Considering that the dissimilatory 
sulfate-reducing bacteria probably produce more sulfide per 
cell than the non-specific sulfate-reducing bacteria, and 
considering the chemical evidence, it is reasonable to 
conclude dissimilatory sulfate-reduction is the primary 
source of sulfide in Oyster Pond.
An enrichment for the thiobacilli, especially T. 
thioparus, did occur near the top of the sulfide zone. How­
ever, the magnitude of this enrichment was not nearly as 
great as expected (Tables 13-16). Oyster Pond exhibited an 
abrupt transition between a zone containing reduced sulfur 
compounds and a zone containing oxygen or nitrate. Thus a 
zone containing both the required electron donors and electron 
acceptors for thiobacilli was not observed. The thiobacilli 
were most abundant in the upper part of the sulfide zone,
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where oxygen or nitrate may have been limiting; traces of 
oxygen may have been present as a result of mixing with water 
from above. Although T. thioparus may be a microaerophile 
(Kuznetsov and Sokolova, 1960), the organism requires 
oxygen. Also, the predominant reduced sulfur species in this 
zone were sulfide and elemental sulfur, and only traces of 
soluble intermediate species were present. Although T. 
thioparus is capable of growth on elemental sulfur and sul­
fide (Sokolova and Karavaiko, 1968), these forms are not 
typically considered to be the preferred substrates for the 
organism (Vishniac and Santer, 1957). Substrate preference 
by the thiobacilli in nature is a subject which warrants 
further study, especially with S^5_iabelled substrates. The 
zonation in the Black Sea is more gradual and a broad zone 
between 180-210 m in the central part of the Black Sea may 
contain both reduced sulfur compounds and oxygen (Sorokin, 
1964a; Skopintsev, et. al_., 1964). Such a zone may be more 
favorable for the development of thiobacilli than the metalim­
nion of Oyster Pond.
A massive bloom of Chlorobium occurred near the top 
of the sulfide zone during the summer. The bloom was pre­
sent at about the same depth that the Thiobacillus enrich­
ment occurred. The number of Chlorobium cells/ml was great 
enough to account for most of the observed photosynthetic 
productivity and sulfide oxidation in the sulfide zone. 
Although this flora fixed a major portion of the..CC>2 fixed 
photosynthetically in the water column during the summer,
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this is not truly primary productivity and such a sulfuretum 
cannot be self-supporting (van Gemerden, 1967). The electron 
donors utilized by the photosynthetic bacteria are ultimately 
derived from reductions occurring in the epilimnion as the 
result of green plant photosynthesis.
The enrichment of thiobacilli in Oyster Pond was 
insufficient to account for the observed dark CO 2 fixation 
and dark biological sulfide oxidation. This illustrates a 
problem inherent in ecological research. Other investigators 
have inferred the activity of thiobacilli in an ecosystem 
merely by observing their presence, or have inferred their 
presence by observing one of their reputed activities. 
Lyalikova (1957) removed Chromatium cells from lake water 
by filtration with a 2-3 ai membrane filter and observed that 
dark C0 2 fixation in the filtered water was not substantially 
lower than in unfiltered water; he then concluded that this 
was due to "chemosynthesis of thionic bacteria" which are 
smaller than Chromatium and capable of passing through the 
filter. The possibilities of dark CO2  fixation by other 
chemolithotrophic bacteria or by heterotrophic organisms had 
not been eliminated. Ivanov (1957) observed dark biological 
oxidation of sulfide to elemental sulfur in the Sergiev 
mineral waters and observed that T. thioparus was present in 
these waters; he concluded: "In Sergiev Mineral Waters the
most important role in the biogenic formation of sulfur is 
taken by thionic acid bacteria of the type of Thiobacillus 
thioparus." Ivanov made this conclusion in spite of the fact
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that he did not determine whether the population of T. 
thioparus was sufficient to account for the observed rate of 
sulfide oxidation to elemental sulfur.
Among the questions which remain to be answered is 
which other organisms play a dominant role in the dark fixa­
tion of CO2  in the metalimnion of Oyster Pond. Evidence for 
the presence of several types of organisms capable of CO2  
fixation was obtained.
Other chemolithotrophic bacteria were observed using 
enrichment cultures (Table 24) and evidence for CO 2 fixation 
by methanol-oxidizing bacteria was obtained (Table 40). The 
substrates of other chemolithotrophic bacteria, methane, 
ferrous iron, ammonium, etc., certainly were present. The 
possibility of the participation of other chemolithotrophic 
bacteria in the observed dark CO 2  fixation thus remains strong. 
Also, the possibility that other colorless sulfur bacteria 
are active in CO2  fixation should not be overlooked. Positive 
enrichment cultures for Beggiatoa, which may function as a 
chemolithotroph (Pringsheim and Kowallik, 1964) , were 
obtained from Oyster Pond during the winter; this organism 
may be more prevalent during the summer, and such colorless 
sulfur bacteria as Thiovulum may be present as well. A cell 
of Thiovulum or Beggiatoa contains considerably more carbon 
than a Thiobacilius cell; consequently, a flora of these 
larger organisms might account for a considerable magnitude 
of CO 2  fixation while growing chemolithotrophically.
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Ruttner (1966) noted that the occurrence of Chromatium 
and other photosynthetic sulfur bacteria at depths in lakes 
below the compensation depth for other organisms suggests the 
possibility that they might be capable of functioning, at 
least partially, as chemolithotrophs. This possibility was 
investigated by Larsen (1953) with Chlorobium; he concluded 
that this organism was incapable of chemolithotrophic growth. 
"Radiosynthetic" growth at the expense of energy released 
during the decay of radioactive isotopes has been mentioned 
as a possible explanation for the occurrence of Thiorhodaceae 
at great depths of the Black Sea (Kriss, 1963). Although the 
occurrence of photosynthetic microorganisms below the depth 
of light penetration is difficult to explain, the "radio­
synthetic" hypothesis has received little support (Sorokin, 
1964a) .
Dark uptake of CO 2 by Chlorobium and other photosyn­
thetic organisms has been observed (Brown, et al. , 1947; 
Larsen, 1953). Such uptake, without net change in cellular 
carbon content, has been explained by "isotope exchange" 
(Larsen, 1953),
c 1 4 o 2 + (c1 2 h 2 o) ^=s c 1 2 o 2 + (c1 4 h 2 o).
Although such reactions may occur, their quantitative signifi­
cance in nature is unknown.
Heterotrophic micro- and macro-organisms are capable 
of fixing C0 2 (Wood ahd Stjernholm, 1962) . In order to 
estimate whether heterotrophic bacteria could account for a
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substantial portion of the observed dark CO 2  fixation, it was 
assumed: 1 . an average heterotrophic cell is a sphere 1 . 0  /a
in diameter; 2 . the cell has a specific gravity of 1 . 1  and 
75% of the wet weight is water; 3. the dry weight is 10%
ash and the organic material has the composition: (CH2 0)
(NH3 ) ( H 3 PO^); 4. the cell is dividing logarithmically with 
a generation time of 2 hr; 5. 5% of this cell's carbon is
derived from fixation of C0 2  (Romanenko, 1964b). Thus, 
starting with one cell, 3.7 x 10--*-® mg C/hr would be fixed.
If the total heterotrophic population were 10^/ml, 37 mg 
C/m^/hr would be fixed. Maximal dark CO 2  fixation during 
July and August ranged from 18.3-26.2 mg C/m^/hr. Clearly, 
even without considering eucaryotic heterotrophic organisms, 
it is possible that much of the observed dark CO2  fixation 
could be due to heterotrophic activity. This conclusion is 
supported by the stimulation of C0 2 fixation by the micro­
flora in the presence of glucose (Table 40).
Wheatland (1954) compared rates of sulfide oxidation
in vigorously shaken sterile and non-sterile flasks of 
Thames estuary water; he concluded that most of the oxidation 
in this polluted environment was due to strictly chemical 
reactions. The experimental design used by Wheatland was 
extremely artificial; such vigorous agitation with air could 
only be expected in storms. Ivanov (1957, 1959, 1968) used
O C
S -labelled sulfide to estimate the relative rates of bio­
logical and non-biological sulfide oxidation in waters of 
various types. Of the aquatic environments he studied, Lake
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Belovod is the most comparable to Oyster Pond (Lyakilova, 
1957). In this lake there is a well-defined layer at 13-14 m 
with a massive bloom of Chromatium. In this intermediate 
zone, abiotic oxidation of sulfide was as important quanti­
tatively as biological sulfide oxidation; the dark biological 
oxidation rate was 37.5% of the abiotic rate and the photo­
synthetic rate was 62.3% of the abiotic rate. In the sulfide
zone at 2 0  m, very little oxidation of sulfide was detected.
Unfortunately, Ivanov did not report the amount of 
labelled sulfur which appeared in the "soluble fraction" 
which would include sulfite, polythionates, and thiosulfate. 
Such intermediate sulfur species were shown by Avrahami and 
Golding (1968), and Cline and Richards (1969), to be very 
important in the pathways of non-biological oxidation of 
sulfide.
This investigation has demonstrated that photosyn­
thetic and non-photosynthetic biological oxidation of 
sulfide at 5-6 m in the southern basin of Oyster Pond each 
amounted to less than 5% of the abiotic oxidation rate.
Because elemental sulfur and soluble intermediate sulfur
compounds were also oxidized by organisms, the rates of 
biological formation of sulfate were typically higher than 
the rates of biological sulfide oxidation.
The scheme of abiotic sulfide oxidation proposed by 
Avrahami and Golding (1968) (p. 25) suggests that in the 
presence of abundant oxygen and low sulfide concentrations, 
sulfate is formed by the oxidation of sulfite. Consequently,
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in the S33-sulfide oxidation studies, the sulfate fraction 
would be large and the soluble fraction would be small.
This model further suggests that in the presence of both 
oxygen and sulfide, sulfite reacts to form thiosulfate which 
is slowly oxidized to sulfate and elemental sulfur. Under 
these conditions, thiosulfate accumulates. In the presence 
of extremely low concentrations of oxygen, sulfite accumu­
lates .
The data for oxidation in the presence of formalin 
indicated that at progressively greater depths in the water 
column, in the presence of progressively lower concentrations 
of dissolved oxygen and higher concentrations of sulfide, the 
soluble fraction, containing thiosulfate and sulfite, was 
larger and the sulfate fraction was smaller. The data clearly 
were in substantial agreement with the model proposed by 
Avrahami and Golding (1968).
Since the number of thiobacilli observed at the top 
of the sulfide zone was insufficient to explain the observed 
rates of non-photosynthetic biological oxidation of sulfide, 
the activity of other non-light-dependent organisms is sug­
gested .
The presence of Sphaerotilus and Beggiatoa in Oyster 
Pond was established by the use of enrichment cultures. Both 
of these microorganisms are capable of depositing elemental 
sulfur when growing in the presence of sulfide. The occur­
rence of other colorless sulfur bacteria, such as Thiovulum, 
Thiothrix, and Thiodendron, in the metalimnion of Oyster Pond 
remains as a possibility. Rodina (1963) demonstrated the
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occurrence of Thiothrix and Beggiatoa in the water columns 
of several lakes. Lackey (1960) observed a variety of forms 
of colorless sulfur bacteria in a number of aquatic environ­
ments. Such organisms might be expected to develop in such 
environments as the metalimnion of Oyster Pond, where both 
sulfide and oxygen may be present (Egounov, 189 8 ).
Heterotrophic thiosulfate-oxidizing bacteria and 
yeasts were also demonstrated in Oyster Pond. As much as 3% 
of the aerobic heterotrophic flora may have been capable of 
thiosulfate oxidation; this new equivalent to at least 
3 x 10^ thiosulfate-oxidizing heterotrophic microorganisms/ml. 
Heterotrophic oxidation of sulfide, elemental sulfur, tetra- 
thionate, and sulfite by eucaryotic and procaryotic organisms 
has also been reported. The actual significance of heterotrophic 
oxidation of inorganic sulfur compounds in natural environ­
ments is a subject in need of further study.
The physical and chemical stratification of the 
waters of Oyster Pond provide an environment characterized 
by a number of vertical gradients. The vertical stratifica­
tion of inorganic sulfur compounds is the indirect result 
of the high biological productivity of the pond and, more 
directly, largely the result of dissimilatory sulfate- 
reduction. Metallic sulfides precipitate from the water 
column during part of the summer, whereas at other times, there 
is a net enrichment of the water column with sulfide as a 
result of diffusion of hydrogen sulfide from the sediment.
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Although most of the oxidation of sulfide in the water column 
is non-biological, the environment contains a diverse micro­
flora capable of oxidizing inorganic sulfur compounds. 
Chlorobium is the dominant genus of photosynthetic sulfur 
bacteria. In terms of total numbers, CO2  fixation, and sul­
fide oxidation, thiobacilli appear to play a relatively 
minor role in the ecology of Oyster Pond.
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Table 1.
Secchi disc readings (D) in meters, computed extinction 
coefficients (k), and 1 % light level in meters, for the 
southern basin in 1968.
Date D, Meters k 1% Light Level, 
Meters
7/19/68 1.4 1 . 2 1 3.8
7/23/6 8 1.9 0.90 5.1
7/25/68 1.9 0.90 5.1
7/29/68 1.7 1 . 0 0 4.6
8/25/68 1 . 0 1.70 2.7
9/8/68 1.3 1.31 3.5
9/21/68 1 . 6 1.06 4.3
9/22/68 1.3 1.31 3.5
1968 Mean 1.5 1.13 4.1
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Table 1. Continued
Secchi disc - 1969
Date D, Meters k 1% Light Level,
Meters
3/26/69 1 . 6 1.06 4.3
3/27/69 1.7 1 . 0 0 4.6
4/21/69 1.7 1 . 0 0 4.6
4/22/69 1.4 1 . 2 1 3.8
4/23/69 1 . 6 1.06 4.3
5/21/69 1 . 1 1.55 3.0
5/22/69 1 . 0 1.70 2.7
6/2/69 1 . 1 1.55 3.0
6/24/69 1 . 1 1.55 3 .0
6/25/69 1 . 1 1.55 3.0
6/26/69 1 . 2 1.42 3.2
7/2/69 2 . 0 0.85 5.4
7/5/69 1 . 8 0.94 4.9
7/7/69 1.7 1 . 0 0 4.6
7/14/69 1.7 1 . 0 0 4.6
7/15/69 1.7 1 . 0 0 4.6
188
Table 1. Continued
Secchi disc - 1969
Date D , Meters k 1% Light Level, 
Meters
7/16/69 1 . 6 1.06 4.3
7/18/69 1.9 0.89 5.2
7/19/69 1 . 8 0.94 4.9
7/27/69 1.7 1 . 0 0 4.6
7/20/69 1 . 6 1.06 4.3
7/31/69 1 . 6 1.06 4.3
8/1/69 1 . 6 1.06 4.3
8/13/69 1 . 6 1.06 4.3
8/14/69 1 . 6 1.06 4.3
8/14/69 1 . 6 1.06 4.3
8/15/69 1 . 6 1.06 4.3
8/24/69 0.9 1.89 2.4
8/25/69 1 . 0 1.70 2.7
11/7/69 1.7 1 . 0 0 4.6
11/8/69 1.5 1.13 4.1
11/13/69 1.3 1.31 3.5
1969 Mean 1.5 1.13 4.1
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Table 2.








2 5 . 8
0 . 5 2 6 . 2 2 6 . 2
1 . 0 2 5 . 8 2 6 . 2 2 6 . 2
1 . 5 2 6 . 0 2 6 . 2 2 5 . 6
2 . 0 2 5 . 8 2 6 . 0 2 6 . 0
to • Ln 2 6 . 0 2 5 . 6
3 . 0 2 3 . 8 2 5 . 4 2 5 . 6 2 5 . 0
3 . 5 2 5 . 4 2 5 . 2 2 4 . 7
3 . 7 2 2 . 7
3 . 9 2 2 . 3
4 . 0 2 2 . 0 2 4 . 3 2 4 . 4 2 3 . 7
4 . 1 2 1 . 9
4 . 3 2 1 . 6
4 . 5 2 0 . 8 2 2 . 0 2 1 . 8 2 2 . 0
o
•
in 2 0 . 1 2 0 . 2 2 0 . 5 2 . 0 7
5 . 5 1 9 . 2 1 9 . 8
6 . 0 1 9 . 0 1 8 . 6 1 8 . 7
6 . 2 1 8 . 9
6 . 5 1 8 . 2
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Table 2. Continued
Temperature, C - 1968
Sampling Dates
Depth,
meters 8/25/68 9/8/68 9/21/68 9/22/68
0 . 0 2 2 . 8 2 1 . 8 2 1 . 2 20.4
0.5 22.7 21.3 20.9
1 . 0 22.7 21.3 2 0 . 6 2 0 . 2
1.5 23.0 21.4 2 0 . 1
2 . 0 2 2 . 6 21.4 19.9 2 0 . 1
2.5 22.4 2 1 . 8 19.5
3.0 22.4 21.4 19.2 19.8
3.5 22.5 2 1 . 2 19.2
4.0 22.4 2 1 . 0 19.0
5.0 2 2 . 2 2 0 . 8 19.0 19.0
5.3 18.9
5.5 2 1 . 0 20.4 18.7 19.0
5.7 18.7 18.9
6 . 0 19.4 19.6 18.7 18.7
6 . 2 18.7 18.7
6.5 18.5 18.7 18.5 18.5
191
Table 2. Continued
Temperature, C - 1969
Sampling Dates
Depth,
meters 3/26/69 4/21/69 5/21/69 6/2/69
0 . 0 '7.0 . 1 2 . 0 17.7 19.3
0.5 6 . 8 1 1 . 8 17.7 19.3
1 . 0 6 . 8 1 1 . 8 17.4 19.3
1.5 6 . 8 1 1 . 8 17.3 1 0 . 2
2 . 0 6 . 8 11.7 17.2 19.1
2.5 6 . 8 11.7 17.2 19.0
3.0 6.7 1 1 . 8 17.2 18.0
3.5 6.7 1 1 . 6 17.2 18.0
4.0 6.7 11.4 17.0 18.0
4.5 6 . 8 11.4 17.2 18.1
5.0 6.7 1 1 . 0 17.2 18.2
5.5 6 .6 1 1 . 1 17.1 18.3
6 . 0 6 . 6 1 1 . 0 17.2 18.5
6.5 6.4 1 1 . 0 17.2 18.7
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Table 2. Continued
Temperature, C - 1969
Sampling Dates
Depth,
meters 6/24/69 7/2/69 7/5/69 7/7/69
0 . 0 2 1 . 1 24.2 23.5 2 2 . 8
0.5 20.9 23.9 23.2 2 2 . 6
1 . 0 2 0 . 6 23.9 23.1 2 2 . 8
1.5 20.5 23.9 23.1 2 2 . 8
2 . 0 20.4 23.3 22.9 22.4
2.5 20.3 23.0 2 2 . 8 22.7
3.0 20.3 22.7 22.7 22.5
3.5 20.3 21.9 2 2 . 6 22.7
4.0 20.3 21.3 21.9 2 2 . 0
4.5 20.5 21.7 21.4 2 1 . 0
5.0 2 0 . 2 2 1 . 1 2 1 . 0 20.5
5.5 19.9 2 0 . 1 2 0 . 0 19.8
6 . 0 18.1 19.3 19.3 18.7
6.5 17.6 18.9 19 .0 17.9
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Table 2. Continued
Temperature, C - 1969
Sampling Dates and Times
Depth,
meters 7/14/69 7/18/69 7/27/69 7/31/69
2400 hr
0 . 0 2 1 . 8 25.5 21.4 24.2
0.5 21.7 25.7 2 1 . 2 24.0
1 . 0 2 2 . 1 25.4 2 1 . 2 23.8
1.5 2 1 . 8 25.0 2 1 . 2 24.0
2 . 0 21.7 24.4 2 1 . 2 24.0
2.5 21.7 24.0 2 1 . 2 23.9
3.0 21.5 23.9 2 1 . 0 23.7
3.5 21.3 23.2 2 1 . 0 22.4
4.0 2 1 . 2 22.4 2 1 . 0 22.3
4.3 2 2 . 0
4.5 2 1 . 0 2 2 . 0 2 0 . 8 2 1 . 1
4.7 2 1 . 1
5.0 2 0 . 8 2 1 . 6 2 0 . 2 20.9
5.5 2 0 . 2 20.5 2 0 . 0 20.4
6 . 0 19.7 20.3 19.7 20.3
6.5 19.7 19.8 17.9 20.3
194
Table 2. Continued




Sampling Dates and Times 
8/15/69 8/24/69 11/7/69
0.0 24.9 26.2 25.0 10.6
0.5 24.9 25.7 25.2 10.4
1.0 24.7 25.5 24.7 10.4
1.5 24.4 25.3 24.0 10.4
2.0 24.3 25.0 23.7 10.4
2.5 23.9 25.0 23.4 10.4
3.0 23.4 24.8 23.1 10.4
3.5 23.2 24.7 23.0 10.4
4.0 22.4 24.5 23.0 10.4
4.3 22.3
4.5 31.9 23.3 22.9 10.4
4.7 21.2
5.0 21.0 21.7 22.5 10.4
5.5 21.0 20.6 21.9 10.5
6.0 20.5 20.0 20.6 10.5
6.5 20.2 19.4 19.7 11.7
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Table 3.
Chlorinity determinations, ppt, at various depths of the 
southern basin in 1968.
Sampling Dates
Depth,





0.5 0.73 0.68 0.78
1.0 0.76 0.70 0.73 0.77
1.5 0.80 0.74 0.71 0.77
2.0 0.76 0.74 0.73 0.77
2.5 0.73 0.73 0.78
3.0 0.79 0.71 0.76 0.78 0.78
3.5 0.73 0.71 0.76 0.80
4.0 0.89 0.76 0.78 0.82 0.82
4.5 0.95 0.86 0.91 0.79 0.88
5.0 1.03 1.14 1.10 1.09 0.96
5.5 1.46 1.38 2.00




Chlorinity, ppt - 1968-69
Sampling Dates
Depth,
meters 9/8/68 9/22/68 3/26/69 4/21/69 5/21/69
0.0 0.71 0.68 0.77 0.68 0.74
0.5 0.76 0.79 0.83 0.74 0.68
1.0 0.76 0.81 0.77 0.78 0.83
1.5 0.80 0.82 0.76 0.69 0.70
2.0 0.76 0.81 0.77 0.72 0:72
2.5 0.76 0.78 0.78 0.73 0.66
3.0 0.78 0.79 0.75 0.72 0.67
3.5 0.76 0.77 0.80 0.70
4.0 0.78 0.78 0.76 0.71 0.70
4.5 0.78 0.77 0.92 0.82 0.69
5.0 0.85 0.80 0.72 0.68 0.71
5.5 1.56 0.81 0.88 0.76 0.71
6.0 2.17 0.81 0.72 0.72 0.70
6.5 2.38 2; 14 1.02 0.82
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Table 3. Continued







0.0 0.77 0.75 0.75 0.77 0.78
0.5 0.66 0.81 0.77 0.76 0.83
1.0 0.81 0.74 0.74 0.73 0.84
1.5 0.82 0.66 0.79 0.76 0.83
2.0 0.99 0.77 0.76 0.76 0.72
2.5 0.71 0.68 0.78 0.73 0.80
3.0 0.77 0.72 0.78 0.76 0.80
3.5 0.81 0.71 0.86 0.81 0.79
4.0 0.91 0.70 0.89 0.91 0.78
4.5 1.00 0.73 1.09 1.00 0.80
5.0 1.15 0.77 1.42 1.59 1.60
5.5 1.34 0.85 1.67 1.59 1.95
6.0 1.55 1.51 1.87 1.84 2.09
6.5 1.57 1.74 1.92 2.13
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Table 3. Continued
Chlorinity, ppt - 1969
Sampling Dates and Times
Depth,
meters 7/18/69 7/27/69 7/31/69
1900 hr 2100 hr 2400 :
0.0 0.78 0.86 0.79
0.5 0.80 0.79
1.0 0.80 0.78 0.81
1.5 0.80 0.80
2.0 0.78 0.82 0.78
2.5 0.87 0.81
3.0 0.83 0.79 0.90
3.5 0.84 0.84
4.0 0.79 1.28 1.26 1.35
4.3 1.58 1.61 1.62
4.5 0.88 1.33 1.76 1.69
4.7 2.10 2.08 2.15
5.0 1.59 2.01 2.36 2.33 2.40
5.5 1.86 2.30








Sampling Dates and Times 





4.0 1.36 1.37 1.28 1.28 1.32
4.3 1.67 1.69 1.63 1.63 1.59
4.5 1.78
4.7 2.18 2.14 2.16 2.16 2.10





Chlorinity, ppt - 1969




0900 hr 1100 hr 1300 hr
4.5 1.52 1.48 1.53
o
•
in 2.20 2.14 2.19




1500 hr 1700 hr 1900 hr
in• 1.52 1.51 1.54
5.0 2.11 2.20 2.06
201
Table 3. Continued
Chlorinity, ppt - 1969
Sampling Dates
Depth,
meters 8/15/69 8/24/69 11/7/69
0.0 0.84 0.84 1.03
0.5 0.82 0.81 1.04
1.0 0.86 1.02
1.5 0.79 0.88 1.07
2.0 0.79 0.81 1.02
2.5 0.88 0.83 1.04
3.0 0.81 0.83 1.13
3.5 0.82 0.83 1.02
4.0 0.84 0.88 1.02
4.5 1.48 1.24 1.00
5.0 2.35 2.38 1.06
5.5 2.79 2.66 0.97
6.0 3.26 3.22 1.02
6.5 3.64 3.03 0.96
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Table 4.




meters 7/23/68 7/25/68 7/29/68 8/25/68
0.0 7.42
0.5 8.45 8.37 8.23
1.0 8.37 8.40 8.15
1.5 8.55 8.52 8.18 8.13
2.0 8.50 8.43 8.31
2.5 8.50 8.47 8.22
3.0 8.32 8.25 8.20 8.03
3.5 7.72 7.27 8.03 8.42
4.0 6.80 6.78 7.29 8.27
4.5 6.72 6.70 6.98 7.55
5.0 6.68 6.87 6.70 6.95














0.0 7.19 9.87 9.68 6.87
0.5 7.51 9.90 7.37
1.0 7.48 9.94 9.69 7.37
1.5 7.52 9.90 7.39
2.0 7.52 9.87 9.62 7.34
2.5 7.58 9.62 7.32
3.0 7.56 9.15 9 .33 7.30
3.5 7.57 8.37 7.26
4.0 7.59 8.39 8.82 7.22
4.5 7.53 8.21 7.19
5.0 7.32 7.80 7.52 7.26
5.3 7.47
5.5 6.98 7.18 6.64 7.22
5.7 7.13 6.64
6.0 6.98 6.83 6.50 7.25
6.2 6.75 6.52










0.0 7.13 7.10 7.73 7.87
0.5 7.28 7.37 7.80 7.91
1.0 7.36 7.22 7.78 7.70
1.5 7.39 7.38 7.73 7.52
2.0 7.39 7.16 7.69 7.48
2.5 7.38 7.38 7.62 7.42
3.0 7.42 7.37 7.08 7.39
3.5 7.40 7.32 6.96 7.45
4.0 7.40 7.32 7.00 7.45
4.5 7.38 7.35 6.92 7.34
5.0 7.31 7.37 6.90 7.31
5.5 7.27 7.37 6.84 6.82
6.0 7.24 7.35 6.89 6.86










0.0 8.76 7.54 8.14 7.61
0.5 8.81 7.53 8.40 7.67
1.0 8.81 7.60 8.43 7.47
1.5 8.83 7.62 8.47 7.87
2.0 8.87 7.64 8.10 7.85
2.5 8.86 7.60 7.75 7.85
3.0 8.81 7.63 7.64 7.64
3.5 8.87 7.63 7.40 7.47
4.0 7.61 7.63 6.90 6.99
4.5 6.99 7.60 6.48 6.87
5.0 6.89 6.82 6.80 6.89
5.5 6.92 6.84 6.80 6.88
6.0 6.92 6.84 6.75 6.92







Sampling Dates and Times 
8/1/69 8/15/69 8/24/69 
1200 hr
11/7/69
0.0 8.78 8.80 9.10 9.82 7.32
0.5 8.80 8.78 9.22 9.83 7.41
1.0 8.73 8.83 9.20 9.72 7.32
1.5 8.78 8.87 9.23 9.60 7.33
2.0 8.73 8.60 9.09 9.24 7.37
2.5 8.27 7.88 8.87 9.04 7.40
3.0 7.93 7.43 8.14 8.60 7.38
3.5 7.38 7.22 7.66 8.55 7.38
4.0 6.78 6.74 7.17 8.40 7.38
4.3 6.90 6.82
4.5 6.78 6.90 6.88 7.39 7.38
4.7 6.83 6.83
5.0 6.79 6.84 6.92 6.73 7.40
5.5 6.82 6.77 6.89 6.81 7.38
6.0 6.84 6.78 6.91 6.81 7.37
6.5 6.81 6.80 6.93 6.85 6.94
Table 5.
Dissolved oxygen determinations, ppm, at various depths of the southern basin in 1968.
Depth,




8/25/68 9/8/6 8 9/22/68
0.0 8.33 9.05 11.95
0.5 9.13
1.0 8.70 8.53 9.22 12.05
1.5 8.66 8.31
2.0 8.55 8.65 8.77 11.92
3.0 8.25 7.80 7.86 8.77 8.97 10.69
3.5 5.31
4.0 3.03 1.97 2.43 8.27 9.02 8.90
4.5 0.00 0.00 0.00 7.12 9.23
5.0 2.83 7.50 7.39









0.0 8.57 10.72 10.13 9.72 9.21
1.0 9.10 10.50 10.04 9.81 8.91
2.0 9.02 10.18 9.95 10.02 8.81
3.0 8.60 10.48 10.13 6.81 8.75
4.0 8.00 10.56 9.92 7.22 8.55
5.0 6.66 10.72 10.31 6.51 8.06
5.5 4.11
6.0 6.62 10.78 ' 10.51 6.07 0.00
6.5 4.69 5.95 2.99 4.88
208
Table 5. Continued





0.0 8.42 9.05 9.97 9.18 9.21
1.0 7.96 9.50 9.52 9.51 9.23
2.0 7.62 10.15 8.85 9.23 9.27
3.0 4.71 8.66 9.10 7.57 9.90
4.0 2.70 6.51 8.74 6.51 7.49 ,
4.5 3.00 1.65 8.83 3.80 2.48
5.0 1.02 0.00 0.00 0.00 0.00












0.0 9.87 9.32 10.25 8.25 9.33
1.0 9.47 10.32 10.67 9.73 9.81
2.0 9.69 9.40 9.84 9.21 10.14
3.0 8.23 6.48 7.73 7.58 10.00
3.5 6.73
4.0 4.13 3.08 5.53 6.07 9.85
4.3 1.37 0.54 0.00







Sulfide determinations, ppm 
the southern basin in 1968.





4.0 0.0 0.0 0.0 0.0
4.5 3.5 0.0 0.0 0.0
5.0 7.6 11.1 0.0 0.0
5.3 0.0
5.5 16.1 23.1 14.7 0.0
5.7 0.0
6.0 33.4 37.2 26.4 3.2
6.2 15.0
6.5 46.5 50.9 47.3 38.6
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Table 6. Continued 
Sulfide, ppm sulfide-S - 1969
Sampling Dates
Depth,
meters 3/27/69 4/21/69 5/21/69 6/2/69 6/24/69
5.0 0.0
5.5 0.0
6.0 0.0 0.0 0.0 0.0 11.8
6.5 0.0 1.3 0.83 0.95 17.2
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Table 6. Continued 





4.0 0.0 0.0 0.0 0.0 0.0
4.5 0.0 0.0 0.0 0.0 0.0
5.0 0.0 0.0 0.48 0.56 3.8
5.5 4.3 0.81 0.67 12.6 20.0
6.0 9.2 8.2 9.9 14.9 26.2
6.5 12.5 13.5 13.3 16.4 24.2
Table 6. Continued
Sulfide, ppm sulfide-S - 1969






8/15/69 8/24/69 11/7/69 11/8/69 11/13/69
4.0 0.0 0.0 0.0
4.3 0.0
4.5 0.90 1.5 2.4 0.0
5.0 5.3 4.0 4.7 1.8
5.5 21.5 19.7 22.5 20.4
6.0 28.3 26.5 25.2 24.6 0.0 0.0




Elemental sulfur determinations, ppm elemental S, 








4.5 4.0 0.0 0.0















Thiosulfate determinations, ppm thiosulfate-S, at various 













4.5 0.0 0.0 0.0
5.0 0.45 1.10 0.0 0.19
5.4 0.55
5.5 0.72 1.14 0.95
5.6 1.01









4.0 0.0 0.0 0.0 0.0 0.0
4.5 0.0 0.0 0.0 0.0 0.0
5.0 0.0 0.0 0.0 0.0 0.0
5.5 0.0 0.0 0.0 0.0 0.0





4.0 0.0 0.0 0.0 0.0
4.5 0.0 0.0 0.0 0.0 0.0
5.0 0.0 0.0 0.20 0.35 0.44
5.5 0.22 0.41 0.49 0.66 0.83
6.0 0.78 0.71 0.77 0.94 0.86
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Table 9.
Polythionate determinations, ppm tetrathionate-S, at various 













4.5 0.0 0.0 0.0
5.0 0.0 0.0 0.0 0.0
5.4 0.35
5.5 0.0 1.49 0.57
5.6 0.86









4.0 0.0 0.0 0.0 0.0 0.0
4.5 0.0 0.0 0.0 0.0 0.0
5.0 0.0 0.0 0.0 0.0 0.0
5.5 0.0 0.0 0.0 0.0 0.0





4.0 0.0 0.0 0.0 0.0
4.5 0.0 0.0 0.0 0.0 0.0
5.0 0.0 0.0 0.0 0.0 0.0
5.5 0.0 0.0 0.0 0.59 0.63
6.0 0.30 0.38 0.45 1.01 1.03
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Table 10.
Sulfite determinations, ppm sulfite-S, at various depths of 
the southern basin in 1969.
Sampling Dates
Depth,
















Sulfate determinations, ppm sulfate-S, at various depths of 









1900 hr 2100 hr
0.0 34.0 23.8 32.0
0.5 25.9




3.0 33.0 40.1 39.3
3.5 39.8
4.0 32.3 42.8 41.3 62.0 61.5
4.3 92.5 93.0
4.5 77.2 43.3 95.0
4.7 85.0 84.5
5.0 32.0 62.0 40.5 85.5 84.5
5.5 72.3









Sampling Dates and 
8/1/69
0300 hr 0600 hr
Times 





4.0 64.5 64.7 66.5 61.5 61.0
4.3 95.5 96.5 98.0 95.5 96.5
4.5 93.0 99.0
4.7 79.5 79.0 78.0 78.0 80.5





Sulfate, ppm sulfate-S - 1969






0900 hr 1100 hr 1300 hr 1500 hr
4.0 64.5
4.3 93.5
4.5 71.0 68.5 70.3 71.0
4.7 82.0













4.5 69.0 72.0 66.7




Inorganic sulfur balances in the southern basin on various dates. The actual concentrations (ppm S) of 
each inorganic sulfur species were plotted vs. depth. The area of each curve was used to compute the 
total amount of sulfur (mg) as that constituent in one m^ depth intervals of the water column. The 
amount of actual sulfur was subtracted from the amount predicted from a seawater sulfate:chloride ratio 

















0-1 35,000 27,900 0 0 0 0 0 27,900 + 7,100
lr-2 35,500 36,900 0 0 0 0 0 36,900 - 1,400
2-3 36,000 37,200 0 0 0 0 0 37,200 - 1,200
3-4 38,800 41,500 0 0 0 0 0 41,500 - 2,700
in1 51,400 66,100 50 0 0 2,050 0 68,200 - 16,800
5-6 76,900 68,900 108 75 305 2,050 4,450 75,888 + 1,012
6-6.5 41,200 34,500 75 213 465 0 6,425 41,678 - 478




Inorganic sulfur balances - Total amount of sulfur (mg) as various inorganic species in one m^ depth









7 / 1 4 / 6 9  
Actual S





O 3 8 , 2 0 0 3 4 , 7 0 0 0 0 0 0 0 3 4 , 7 0 0 + 3 , 5 0 0
1 - 2 3 7 , 5 0 0 3 3 , 9 0 0 0 0 0 0 0 3 3 , 9 0 0 + 3 , 6 0 0
to 1 u> 3 6 , 3 0 0 3 4 , 9 0 0 0 0 0 0 0 3 4 , 9 0 0 + 1 , 4 0 0
3 - 4 3 6 , 8 0 0 4 0 , 3 0 0 28 0 0 0 0 40 , 32 8 - 3 , 5 2 8
4 - 5 5 5 , 8 0 0 4 2 , 1 0 0 133 0 0 2 , 0 2 0 120 4 4 , 3 7 3 + 1 1 , 4 2 7
5 - 6 8 8 , 6 0 0 5 1 , 3 0 0 230 95 383 420 854 5 3 , 2 8 2 + 3 5 , 3 1 8
6 - 6 . 5 4 4 , 3 0 0 36 , 400 138 295 379 0 5 , 8 0 0 4 3 , 0 1 2 - 1 , 2 8 8






Inorganic sulfur balances - Total amount of sulfur (mg) as various inorganic species in one m depth





so4- - s so4 s o3
8 / 1 / 6 9
Actual








0 - 1 3 7 , 0 0 0 3 4 , 4 0 0 0 0 0 0 0 3 4 , 4 0 0 + 2 , 6 0 0
1 - 2 3 6 , 5 0 0 3 4 , 9 0 0 0 0 0 0 0 3 4 , 9 0 0 + 1 , 6 0 0
2 - 3 3 7 , 6 0 0 3 8 , 1 0 0 0 0 0 0 0 3 8 , 1 0 0 - 500
u> 1 5 1 , 2 0 0 5 1 , 5 0 0 25 0 0 0 0 5 1 , 5 2 5 - 325
in1 8 3 , 7 0 0 8 2 , 0 0 0 110 0 50 2 , 3 0 0 1 , 7 5 0 8 6 , 2 1 0 - 2 , 5 1 0
5 - 6 1 2 7 , 5 0 0 9 3 , 5 0 0 168 113 488 2 , 3 0 0 1 7 , 4 8 0 1 1 4 , 0 4 9 + 1 3 , 4 5 1
6 - 6 . 5 8 2 , 3 0 0 5 7 , 0 0 0 137 338 443 0 1 3 , 8 5 0 7 1 , 7 6 8 + 1 0 , 5 3 2





Inorganic sulfur balances - Total amount of sulfur (mg) as various inorganic species in one rti^ depth





so4= - s so4 “ w o u>
II
8 / 1 5 / 6 9  
Actual S







o - r 3 8 , 2 0 0 3 9 , 6 0 0 0 0 0 0 0 39 , 600 -  1 , 4 0 0
1 - 2 3 6 , 9 0 0 3 7 , 9 0 0 0 0 0 0 0 3 7 , 9 0 0 -  1 , 0 0 0
2 - 3 39 , 100 3 9 , 5 0 0 0 0 0 0 0 39 , 500 400
3 - 4 3 8 , 3 0 0 4 5 , 7 0 0 50 0 0 0 0 4 5 , 7 5 0 -  7 , 4 5 0
4 - 5 7 1 , 4 0 0 6 6 , 7 0 0 245 0 88 1 , 8 5 0 2 , 3 7 5 7 1 , 2 5 8 + 142
5-6 1 2 9 , 7 0 0 9 8 , 0 0 0 422 548 655 0 1 8 , 7 2 5 1 1 8 , 3 5 0 + 1 1 , 3 5 0
6 - 6 . 5 8 0 , 0 0 0 6 3 , 8 0 0 298 653 548 0 1 3 , 1 2 5 7 8 , 4 2 4 + 1 , 5 7 6





Enumeration of Thiobacilli at various depths of the southern basin 
in 1968. T. thioparus MPN/100 ml using Medium A. T. thiooxidans 
MPN/100 ml using Medium D. T. denitrificans MPN/10IT ml using 
Medium G.
Depth, 
meters T . thioparus T . thiooxidans T. denitrificans
7/29/68
1.5 0 0 0
3.0 0 0, 0
3.5 0 0 0
4.0 0 0 0
4.5 0 0 0
5.0 490 80 0
9/8/68
5.0 930 70 0
5.4 930 70 0
5.5 930 150 0
5.6 2400 40 90
6.0 930 40 40
6.2 230 0 0
228
Table 14.
Enumeration of T. thioparus at various depths of the southern basin in 1969. MPN/100 ml using
Medium B.
Depth,




7/5/69 7/31/69 8/14/69 8/25/69
1.5 20
4.0 0 170 20 80 40 80 50
5.0 80 130 230 110 390 1,090 . 4,900 2,100
5.5 130 1,100 3,300 700 80
6.0 130 330 270 800 490 70 20 50
6.5 230 790 490 80 40 0 0
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Table 15.
Enumeration of T. thiooxidans at various depths of the southern basin in 1969. MPN/100 ml
using Medium E.”  “
Depth, 
meters 3/27/69 4/23/69 5/20/69
Sampling Dates 
6/24/69 7/5/69 7/31/69 8/14/69 8/25/69
1.5 0
4.0 0 0 0 20
5.0 0 0 0 0 20 140 70 20
5.5 90 140 50 0 80
6.0 0 20 40 40 20 20 0 0
6.5 50 130 80 20 0
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Table 16.
Enumeration of T. denitrificans at various depths of the southern basin in 1969. MPN/100 ml
using Medium H.
Depth, 




7/5/69 7/31/69 8/14/69 8/25/69
1.5 0
4.0 0 0 0 0
5.0 0 0 0 0 0 0 20
5.5 0 0 0 0 80
6.0 0 0 0 50 60 50 0 50




Comparison of T. thioparus MPN medium and incubation used in
1968 (10 ml Medium A, Static Incubation) with those used in
1969 (5 ml Medium B, Shaken Incubation). 0, 10^, and 104 cells/ 
100 ml of a pure culture of T. thioparus were added to
water samples from various depths of the southern basin. MPN/ 
100 ml.
Added T. thioparus cells/100 ml 
0 102 104
3/27/69, 5.0 m
1968 MPN Procedure 20 80 4900
1969 MPN Procedure 80 240 9500
3/27/69, 6.5 m
1968 MPN Procedure 130 430 7900





1968 MPN Procedure 130 210 4900
1969 MPN Porcedure 130 270 7900
5/20/69, 6.5 m
1968 MPN Procedure 640 790 7900
1969 MPN Procedure 790 840 7000
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Table 18.
Comparison of T. thioparus MPN medium and incubation used in 1968 (10 ml Medium A, 
Static Incubation) with those used in 1969 (5 ml Medium B, Shaken Incubation) and 
with a plating procedure (Spread Plates, Medium C). 0, 102 , 103 , 104 , 10^, and 10°
cells/100 ml of a pure culture of T. thioparus were added to water samples from various 
depths of the southern basin. MPN/100 ml or Plate Count/100 ml.
0
Added T. thioparus cells/100 ml 
102 103 104 105 106
11/7/69, 5.5 m
1968 MPN Procedure 0 92 1300 7900 46000 490000
1969 MPN Procedure 0 140 1300 7900 49000 700000
Plating Procedure 4000 11000 710000
11/7/69, 6.2 m
1968 MPN Procedure 0 140 1300 7900 79000 490000
1969 MPN Procedure 50 110 1400 11000 79000 490000
Plating Procedure 6000 15000 680000
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Table 19.
Comparison of T. thiooxidans MPN medium and incubation used in 
1968 (10 ml MecTium D, Static Incubation) with those used in 1969 
(5 ml Medium E, Shaken Incubation). 0, 102 , and 10^ cells/100 ml 
of a pure culture of T. thiooxidans were added to water samples 








1968 MPN Procedure 20 130 3300
1969 MPN Procedure 0 170 4900
3/27/69, 6.5 m
1968 MPN Procedure 20 50 1300
1969 MPN Procedure 50 310 4600
5/20/69, 5.0 m
1968 MPN Procedure 0 130 3300
1969 MPN Procedure 0 130 7900
5/20/69, 6.5 m
1968 MPN Procedure 50 61 2300
1969 MPN Procedure 80 240 4900 234
Table 20.
Comparison of T. denitrificans MPN medium and incubation used in 
1968 (10 ml Medium G) with those used in 1969 (5 ml Medium Hi.
0, 10^, and 104 cells/100 ml of a pure culture of T. denitrificans 
were added to water samples from various depths of the southern 
basin. MPN/100 ml.
Added T. denitrificans cells/100 ml
0 102 104





1969 MPN Procedure 0 80 3500





1969 MPN Procedure 0 50 3300





1969 MPN Procedure 0 50 4900





1969 MPN Procedure 0 20 3300
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Table 21.







Gram Reaction: neg. neg. neg.
Cell Size: 0.6 x 1.5 yu 0.8 x 1.2 ju 0.5 x 1.5/1
Motility: + + +
Colonial Morphology: creamy yellow translucent creamy yellow
raised raised raised
circular circular circular
Anaerobic Growth: + 0 ++++
Gas Production - 
aerobic: 0 0 0
anaerobic: 0 0 +
Growth at 4 C ++ + +
20 C ++++ ++ +++
28 C ++++ ++++ ++++
37 C ++ + +
55 C 0 0 0
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Table 21. Continued







Growth at pH 3.0 0 ++++ 0
4.0 0 ++++ 0
5.0 0 ++++ 0
6.0 ++ + ++
7.0 ++++ 0 ++++
8.0 +++ 0 ++++
9.0 0 0 0
Growth on thiosulfate: ++++ +++ ++++
final pH: 4.0 2.6 4.0
Growth on sulfur: ++ ++++ +
final pH: 6.0 1.0 6.5
Growth in organic media:
Nutrient Broth: 0 0 0
Medium R : 0 0 0
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Table 21. Continued






Gram Reaction: neg. neg. neg. neg.
Cell Size: 0.5 x 1.5 ai 0.6 x 1.2 ja 0.5 x 1. 5 /u 0.6 x 1 .8 / 1
Motility: + + + +
Colonial Morphology: creamy yellow translucent creamy yellow creamy white
raised raised raised raised
circular circular circular circular
Anaerobic Growth: + 0 ++++ 0
Gas Production -
aerobic: 0 0 0 0
anaerobic: 0 0 + 0
Growth at 4 C ++ + ++ ++
20 C +++ +++ +++ ++
28 C ++++ ++++ +++ +++
37 C + + 0 0
55 C 0 0 0 0
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Table 21. Continued






Growth at pH 3.0 0 +++ 0 0
4.0 0 ++++ 0 0
5.0 0 ++++ 0 0
6.0 ++ + ++ +
7.0 ++++ 0 ++++ ++++
8.0 +++ 0 +++ +++
9.0 0 0 0 0
Growth on thiosulfate: ++++ ++++ ++++ ++++
final pH: 3.9 2.1 4.7 6.5
Growth on sulfur: ++ ++++ + +
final pH: 6.0 1.1 6.4 6.9
Growth in organic media:
Nutrient Broth: 0 0 0 0




Results of enrichment cultures for photosynthetic 
sulfur bacteria using Medium J for £hl<2£flkillflL and 
Medium K for Chromatium. Two bottles of each medium 
inoculated with 1.0 ml water samples from various 




meters 9/8/68 5/20/69 7/15/69 8/14/69
Chlorobium
3 . 0  0 0
4 . 0  0
4 . 5  0 0
5 . 0  2 2 2
5 . 4  2
5 . 5  2 2 2
5 . 6  2
6.0 2 0 2 2
6.2 2
6 . 5  2 2 1
Chromatium
3 . 0  0 0
4 . 0  0 0
4 . 5  0 0
5 . 0  1 2 2
5 . 4  0
5 . 5  2 2 0
5 . 6  1
6.0 2 0 0 0
6.2 1
6 . 5  0 0 0
Table 23.
Absorbance at 660 iqp and 770 nyi of methanol extracts of water samples 
from various depths of the southern basin in 1969. Sample (100 ml) 
filtered with glass fiber filter; filter extracted with 10 ml methanol; 
absorbance measured with 1 cm cuvettes.
Depth,
meters 7/2/69 7/13/69





1.5 0.188 0.214 0.282 0.354 0.246
4.5 0.082 0.188 0.166
5.0 0.068 0.188 0.240 0.238 0.162
5.5 0.146 0.378 0.866 0.510 0.256
6.0 0.126 0.160 0.160 0.192 0.202
Depth,
meters 7/2/69 7/13/69





1.5 0.060 0.038 0.042 0.038 0.026
4.5 0.050 0.038 0.028
5.0 0.034 0.066 0.036 0.028 0.028
5.5 0.028 0.042 0.034 0.042 0.040




Results of enrichment cultures for other chemolithotrophic bacteria. Medium L for methanol 
oxidizing bacteria; Medium M for hydrogen bacteria; Medium N for Gairionella; Medium 0 for 
Ferrobacillus; Medium P for ammonium-oxidizing nitrifying bacteria; Medium Q for nitrite 
oxidizing nitrifying bacteria. Three tubes of each medium inoculated with 1.0 ml water 

















1.0 3 1 0 0 0 1
3.0 3 2 0 0 0 1
4.0 3 1 0 0 1 3
4.5 3 0 0 0 1 1
5.0 3 2 2 2 0 2
5.5 3 0 1 0 1 1
6.0 3 0 0 0 0 0

















1.0 3 0 0 0 0 2
4.0 3 3 0 0 0 1
5.0 3 0 1 0 0 0




Enumeration of aerobic heterotrophic bacteria at 
various depths of the southern basin in 1968, 











1.5 5.0 2.6 3.6
3.0 4.6 2.2
3.5 6.6 3.2
4.0 7.1 4.1 6.9
4.5 3.0 2.4








Enumeration of aerobic heterotrophic bacteria at various 








0.0 7.2 71 14 10
1.0 8.4 87 15 15
2.0 6.6 50 21 17
3.0 7.4 38 15 12
4.0 7.9 14 16 8.2
5.0 4.1 20 19 6.4
5.0 3.1 13 23 8.3
6.5 1.9 18 12 5.5
Depth,
meters 7/5/69 7/15/69 7/31/69 8/14/69
0.0 6.0 6.5 5.3 5.0
1.0 8.7 6.8 5.7 5.2
2.0 9.7 8.7 6.2 6.0
3.0 9.9 8.9 5.9 6.0
4.0 7.9 5.6 7.7 8.2
5.0 5.6 6.7 5.0 4.0
6.0 4.9 4.3 3.0 2.4
6.5 3.4 2.9 3.2 3.1
Table 27.
Enumeration of anaerobic heterotrophic bacteria at various depths of the southern 
basin in 1969, using Nutrient Agar plus 0.5 g/liter sodium thioglycollate. Plates 
incubated in 90% N2, 10% CO 2 ; deep tubes overlaid with a 2 cm plug of sterile 
medium and incubated in the air. Plate counts or deep tube colony counts, 10 /ml.
Sampling Dates
















1.0 0.56 0.15 0.80 0.30
2.0 3.0 0.88
3.0 3.0 1.2 1.8 1.3
4.0 2.0 4.0 1.7 3.6 4.0
5.0 2.1 2.1 4.2 4.3 4.2 4.9
6.0 3.1 1.7 5.2 4.9 4.5 1.9
6.5 2.1 2.5 1.2 1.8 1.5 1.6
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Table 28.
Enumeration of dissimilatory sulfate-reducing bacteria at various depths 
of the southern basin water column and in the surface layers of the 







4.5 0 1.0 X 101
5.0 4.3 X 101 9.0 X 101
5.5 0 3.0 X 102 2.5 X 102
6.0 0 2.0 X 101 4.0 X 102 3.8 X 102
6.5 1.3 x 102 4.0 X 102 5.2 X 102 3.9 X 102
Sediment
Surface 1.1 x 10' 1.8 x 104 5.7 x 10f 5.9 x 104
Table 29.
Enumeration of non-specific sulfate-reducing bacteria at various depths 
of the southern basin water column and in the surface layers of the 
sediment on 5/20/69 and 7/15/69. Medium T for aerobic non-specific 
sulfate-reducing bacteria; Medium U for anaerobic non-specific sulfate- 
reducing bacteria. Deep tube colony counts/ml of water or g of mud.
Aerobic (Medium T) Anaerobic (Medium U)
Sampling Dates Sampling Dates
Depth,
-meters 5/20/69 7/15/69 5/20/69 7/15/69
1.5 1.0 X 101 0.7 X 101 0 0
4.5 4.0 X ioi 3.0 X 101 1.0 X 101 0.7 X 101
5.5 3.0 X 101 4.0 X 101 0 1.8 X 102
6.5 4.0 X t—
1 
o
 H 1.0 X 101 1.1 X 102 4.6 X 102
Sediment
Surface 6.2 X 102 5.8 X 102 4.3 X 103 4.7 X 10^
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Table 30.
Growth of colonies from media designed for dissimilatory sulfate-reducing bacteria and non­
specific sulfate-reducing bacteria. Ten colonies were picked from tubes of each medium (S, T, and 
U) and stabbed into all three of the media. Tubes were inspected daily for two weeks for growth 
and sulfide production.
Growth and sulfide 
Production in: Medium S Medium T Medium U









Medium S 6 6 0 0 1 1
Medium T 1 0 10 10 4 2




Productivity studies using NaHC^O^ with water samples from various depths of the southern basin
on 7/29/68, with and without the addition of 0.4 g/liter ^ 2 8 2 0 3 •5 H2 O.



















1.5 L 7,770 6,748 6,672 55.4 7,333 7,202 59.8
I D I 76 0.63 131 1.09
3.0 L 8,730 2,030 1,986 18.6 2,095 1,970 18.5
I D I 44 0.41 125 1.17
3.5 L 10,130 1,888 1,760 19 .1 1,754 1,636 17.7
1 D 1 128 1.39 118 1.28
4.0 L 11,790 1,419 1,197 15.1 1,415 1,145 14.5
I D It 222 2.80 270 3.41in• L 14,100 897 561 8.47 1,120 201 3.04
11 D 1 336 5.08 919 13.9
0•in L 38,200 702 61 2.49 951 257 10.5
n D It 641 26.2 694 28.4
N = 4.5 hr; F = 20; R = 4.36 x 10® cpm; Background = 62 cpm
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Table 32.
Productivity studies using NaHC^O^ with water samples from various




Depth, Dark cpm Mean L-D
mg C/m-Vhrmeters Bottle mg C/m^ -Blank cpm cpm




































































1 L 10,190 1,191 1,388 1,348 35.7
I D I 25 : 40 1.06It D 54
5.7 L 1,193
I L 10,620 894 1,044 927 25.71 D I 113 117 3.25II D 1 2 1
6 . 0 L 925
1 L 23,560 787 856 154 9.58
I D 1 679 702 43.011 D 725
6 . 2 L 546
1 L 71,300 486 516 124 23.0
1 D I 458 392 73.8II D 325
N = 3.5 hr; F = 20; R = 2.30 x 1 0 ® cpm; Background = 41 cpm
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Table 33.
Productivity studies using NaHC^O with water samples from various













































N = 4.0 hr; F = 20; R = 2.30 x 10^ cpm; Background = 33 cpm
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Table 34
Productivity studies using NaHC^Oo with water samples from various


















I L 8,100I 7,271 6,982 6,766 73.3














N = 4.0 hr; F = 20; R = 3.92 x 10® cpm; Background = 36 cpm
Table 35.
Productivity studies using NaHC^O^ with water samples from various














































































N = 3.5 hr; F = 20; R = 2.18 x 10® cpm; Background = 39 cpm 254
Table 36
Productivity studies using NaHC-^CK with water samples from various




























































N = 4.0 hr; F = 20; R = 2.18 x 10  ^ cpm; Background = 40 cpm 255
Table 37.
Productivity studies using NaHC14C>3 with water samples from various




Depth, Dark o cpm Mean L-D































































N = 4.0 hr; F = 20; R = 2.18 x 10® cpm; Background = 41 cpm
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Table 38.
Productivity studies using NaHC-^Oo with water samples from various













































































N = 4.0 hr; F = 20; R = 2.18 x 10^ cpm; Background = 3 8  cpm 257
Table 39.
Productivity studies using NaHC140_ with water samples from various






















































































N = 4.5 hr; F = 20; R = 2.18 x 106 cpm; Background = 38 cpm
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Table 40.
Productivity studies in the presence of varying concentrations of a single 
substrate with water collected from 5 m in the southern basin on 8/16/69. 
Populations centrifuged at 5000 G for 10 min and resuspended in Basal 
Medium to which the substrates were added. Incubation in the dark at 20 C. 

















































Productivity studies in the presence of varying concentrations of a single
substrate - southern basin, 5.0 m - 8/16/69.
1 m M 5 m M 10 m M





























All of above 2,880
2,400 2,640
-- ---
N = 3.0 hr; 1.0 aic NaHC14O3/50 ml; Background = 38 cpm
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Table 41.
Productivity studies with added T. thioparus cells in water samples from 4.5
and 5.0 m in the southern basin in 7/28/69. 0, 10 , 10^, and 5 x 103 cells/


































































































N = 4.0 hr; F = 20; R - 2.18 x 106 cpm; Background = 3 8  cpm
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Table 42.
Productivity studies with added T. thioparus cells in water samples from 5.5 
and 6.2 m in the southern basin on 11/8/69. 0, 10^, 10-3, 1 0 ,  10 , and 10® 





Depth, *3 T . thioparus cpm Mean






































































N = 3.5 hr; F = 20; R = 2.18 x 10® cpm; Background = 50 cpm
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Table 43.
Productivity studies with a pure culture of T. thioparus in Basal Medium plus 
0.4 g/liter Na 5 S2 0 3 ’SI^O and Medium B on 3/5/70"^ 0, 102 , 104 , 10°, and 10^
cells/100 ml of a pure culture were added to sterile media. Incubation in 




3 T . thioparus cpm Mean mg C/m3/hr
Medium mg C/m cells/100 ml -Blank cpm
Basal + 0.4
g/liter 10,800 0 0.0 0.5 0
Na2S2C>3 *5H20 I I ^O 1.0
10^ 0.4
0I I I t I I A -0.4 0

















I I I I 102 -0.6 -1.6 0I I —2.6




I t I I 106 8.0 8.5 0 . 0 2
H : O 
5 
00 9.0
I t I I 1,401 1,423 3 . 0 211 1,444
N = 5.0 hr; F = 5; R = 6.10 x 10^ cpm; Background = 39 cpm
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Table 44.
Oxidation of S-^^-sulfide in 24 hr in water samples collected from 1.5 m in the southern basin 
on 7/5/69. Incubation in the light and dark, presence and absence of formalin.

























































Background = 4 2  
at 6.0 m
cpm; 0 .0 ppm sulfide at 1.5 m; 0.52 ppm sulfide at 5.0 m, 9.3 ppm sulfide
Initial Sulfide J Sulfide "Cells" Sulfur Sulfate Total
4421 4575 75 67 70 57 93 81 4659 4780
cpm 4 7 2 8 59 44 69 4900
% 95.7 1.4 1.2 1.7 100
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Table 44. Continued
Oxidation of S^-sulfide 
7/5/69 - 5.0 m
Light Dark Light & Formalin Dark & Formalin
Mean Mean Mean Mean
% of % of % of % of













































Oxidation of S?^-sulfide 
7/5/69 - 6.0 m





























76 1.6 7961 1.5
"Soluble" 











753 15.7 803819 16.4'
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Table 45.
35Oxidation of S -sulfide in 24 hr in water samples collected from 5.0 m m  the southern basin 
on 8/15/69. Incubation in the light and dark, presence and absence of formalin.
Light Dark Light & Formalin Dark & Formalin
Mean Mean Mean Mean
% of % of % of % of












































Background = 47 cpm; 4 .7 ppm sulfide: at 5.0









nt 55 79 ^  3320 3601
% 94.3 0.2 3.9 1.6 100
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Table 46.
35Oxidation of S -sulfide m  24 hr with added T. thioparus cells m  water samples collected from 
6.2 m in the southern basin on 11/8/69. 0, 102 , 10^, and 1 0 6  cells/100 ml of a pure culture were 
added to the samples. Incubation in the dark at 20 C in the presence and absence of formalin.
) cells/100 ml 0 cells/100 ml 
Formalin

























































Background = 50 cpm; 2 .4 ppm sulfide at 6 .2 m
Initial Sulfide: ' Sulfide "Cells" Sulfur Sulfate Total













% 92.1 0 .4 4 .0 3.5 100
Table 46. Continued
Oxidation of s35-suifi<fie with added T. thioparus






























































Oxidation of SJ^-sulfide in 24 hr with a pure culture of T. thioparus in Basal Medium plus 1.0 ppm 
sulfide on 3/11/70. 0, 102 , 104 , 10 , and 108 cells/100 ml of a pure culture were added to sterile 
medium. Incubation in the dark at 20 C in the presence and absence of formalin.
D cells/100 ml 0 cells/100 ml + 
Formalin





















































Background = 22 cpm
Initial Sulfide: Sulfide "Cells" Sulfur Sulfate Soluble Total
cpm 479509 494 9 4-5
19
6 12 5 37 29 33
“8 2 5 
13 527 547 566
% 90.4 0.8 2 .3 6 .0 0.5 100
Table 47. Continued
Oxidation of S35_ sulfide with 
3/11/70
pure culture T. thioparus
104 cells/100 ml 104 cells/100 ml + 
Formalin





















































Oxidation of S35-sulfide with pure culture T. thioparus
3/11/70
108 cells/100 ml 108 cells/100 ml +
Formalin
% of % of





























Water, % Wet Weight 76.8 77.0 74.8
Organic Matter, % Dry Weight 13.3 15.0 17.2
Chloride, ppt Dry Weight 14.9 14.5 12.0
Water-Soluble Sulfide, ppm Dry Weight 246 110 109
Acid-Soluble Sulfide, ppm Dry Weight 439 183 209
Pyrite-S, ppm Dry Weight 1,680 1,760
Elemental-S, ppm Dry Weight 10.2 8.7
Sulfate-S, ppm Dry Weight 453 527 432
Total Inorganic-S, ppm Dry Weight 2,828 2,519
Predicted Sulfate-S, ppm Dry Weight 693 673 557
Excess S, ppm Dry Weight 2,135 1,962
Ratio, S0 4 =/C 1 ~ 0.090 0.109 0.108
Ratio, Total Inorganic S (as S04=)/Cl“ 0.569 0.629




Secchi disc readings (D) in meters, computed extinction 
coefficients (k),' and 1% light level in meters, for the 
northern basin in 1968-79.
Date D, Meters k 1% Light Level,
Meters
7/19/68 1.7 1.000 4.6
6/ 2/69 1.1 1.544 3.0
7/ 2/69 1.8 0.944 4.9
7/27/69 1.5 1.133 4.1
8/24/69 0.9 1.890 2.4
Mean 1.4 1.213 3.8
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Table 50.








0.0 27.0 21.5 22.5 21.3 26.9
0.5 20 .8 22.3 21.3 26.0
1.0 27.0 20.3 22.3 21.4 24.4
1.5 20.0 22.2 21.2 23.8
2.0 24.2 19.9 22.1 21.2 23.3
2.5 19.7 21.9 21.1 23.1
3.0 21.6 18.0 21.6 20 .9 22.7




4.0 17.0 19.0 17.9 20.7
4.1 18.1
4.2 16.9 18.6 17.8 19.4
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Table 51.
Chlorinity determinations, ppt, at various depths of the 







0.0 0.72 0.64 0.71 0.76 0.82
0.5 0 .63 0.72 0.74 0.80
1.0 0.71 0.95 0.74 0.73 0.78
1.5 0.70 0.68 0.74 0.79
2.0 0.68 0.67 0.72 0.76 0.77
2.5 0.92 0.72 0.72 0.73
3.0 0.57 0.68 0.69 0.70 0.73
3.5 0.78 0.62 0.56 0.69
4.0 0.68 0.57 0.86 0.69
4.1 0.61
4.2 0.73 0.68 0.67 0.67
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Table 52.
pH measurements at various depths of the 
northern basin in 1969.
Sampling Dates
Depth,
meters 6/2/69 7/27/69 8/24/69
0.0 7.80 7.69 9.58
in•o 7.86 7.83 9.56
1.0 7.80 9.02 9.63
1.5 7.50 7.98 9.47
2.0 7.48 7.46 8.92
2.5 7.14 7.23 7.97
3.0 6.94 7.07 7.22
3.5 6.72 6.94 6.68
4.0 6.61 6.73 6.42
4.2 6.70 6.80 6.44
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Table 53.
Dissolved oxygen determinations, ppm, at various depths of 





0.0 9.50 8.97 9.58 9.67
1.0 9.70 9.46 10.38 9.96
2.0 8.52 8.77 9.71 8.42
3.0 5.92 5.98 6.10 5.86
3.5 3.37 4.43




Sulfide determinations, ppm sulfide-S, at various depths 






4.0 00.0 00.0 3.3 5.0
4.2 00.0 00.0 10.2 17.2
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Table 55.
Thiosulfate determinations, ppm thiosulfate-S, at various 







3.5 0 0 0 0
4.0 0 0 0.35 0.54
4.2 0 0 0.55 0.60
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Table 56.
Polythionate determinations, ppm tetrathionate-S, at various 





3.5 0 0 0 0
4.0 0 0 0 0
4.2 0 0 0.50 0.45
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Table 57.
Sulfite determinations, ppm sulfite-S, at various 






4.0 0.0 0.0 0.09
4.2 0.0 0.11 0.15
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Table 58.
Enumeration of T. thiopatus at various depths of 









4.2 130 170 220
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Table 59.
Enumeration of J£. thiooxidans at various depths of 










4.2 0 0 50
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Table 60.
Enumeration of T_. denitrificans at various depths 










4.2 0 0 2 0
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Table 61.
Enumeration of heterotrophic bacteria at various 
depths of the northern basin on 7/5/69 and 7/31/69. 
Aerobic heterotrophic bacteria using Nutrient Agar. 
Anaerobic heterotrophic bacteria using Nutrient 








0 . 0 9.2 8 . 0
1 . 0 9.2 8.9 0.5
2 . 0 8 . 1 7.3
3.0 6 . 6 7.6 2 . 1
4.0 3.2 1 . 8 1 . 2
4.2 1 . 2 0.9 0.7
Table 62.
Enumeration of dissimilatory 
sulfate-reducing bacteria at 
various depths of the northern 
basin water column and in the 
surface layers of the sediment 
on 7/5/69, using Medium S.
Deep tube colony counts/ml of 




3.5 1 . 0  c 1 0 1
4.2
4.0 1 . 2  x 1 0 2
4.0 x 102
Sediment
Surface 9.8 x 103
Table 63.
Productivity studies using NaHC^4 0 3 with water samples from various depths of the

















1.5 L 7,900 1,702 1,790 1,766 33.6
I L 1,878
I D It 30 24 0.46I D 17
3.5 L 8,600 629





4.0 L 11,900 232
It L 321 277 257 7.35
I D I 8
2 0 0.57It D 32
N = 4.0 hr; F = 20; R = 2.18 x 1 0 ® cpm; Background = 40 cpm
Table 64.
Productivity studies using NaHC-^O with water samples from various depths of the





























































334 2 0 . 0
N = 4.0 hr; F = 20; R = 2.18 x 1 0 ° cpm; Background = 38 cpm
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Topographic Contours  
AW -' in M ete rs
METERS
jFig. 1. B athym etry and: topography of Oyster Pond
and v ic in ity  (courtesy of K. O. E m e ry ).
Nifroqen .. _ .. Needle
Supply Regulator — — V a ,ve
Injection Port 
for Acid and 
Samples
U -Tube Containing 
M g  (CIO4) 2 for 
Removing H2O
tp . Pinch Clamp 
T \  for Drainage
Fritted
Glass
Fig. 2 . Schematic d iagram  of apparatus used in the 
carbon in w ater samples.
U -Tube Containing 
Ascarite for 
Removing CO2
' In fra re d  
C O 2 Analyzer
analysis o f to ta l inorganic
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Filter aliquots with 
0.45 « Millipore membranes
Precipitate S04 in 
filtrate with BaCl 2
Filter with 0.45 ai 
Millipore membranes 
(Count #4 = S04=)
(Count #1 = S , S°, Cells)
Extract S-
(Counto#2 = 
with HC1 fumes S°, Cells)
Extract S
with benzene
.(Count #3 = Cells)







Fig. 4 . Relative light intensity a t various depths during 1 9 6 8 -6 9  as estim ated from  Secchi disc d ata . 
D ata  obtained w ith  a photom eter in 1964-65 included for com parison (co u rtesy  of K. O. E m e ry ).
1. M ean , D = 1.5 m \
2. M in im um , D = 0 .9m  (8 /2 4 /6 9 )  > Secchi disc
3. M axim um , D = 2 .0 m  }
4. 6/27/64 l phofometer














Fig. S. Representative d a ta  showing the developm ent o f a  therm al s tra t if ic a t io n  
d uring  the spring and su m m er o f 1 9 6 9 .




Fig. 6. R e p re s e n ta tiv e  d a ta  showing the d eve lo p m en t of a 
s a lin e  s t r a t i f ic a t io n  d u rin g  the spring  and sum m er o f ' 1969.











7 /2 /6 9 7 / l4  /6 9
0.05  0.10 0.15 0 2 0 0 0 5 0.10 - 0.15
Ratio, S04*/ci"







7/31/69, 2400 hr 8/lyfc9, 1200 hr
0.05 0.10 0.15 020 0.05 0.10 0.15
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Fig. 9. Inorganic sulfur balance o f w a te r column; mean d a ta  fo r July and August, 1969. 
Sulfate — S and to ta l inorganic S w e re  com pared w ith  s u lfa te  —S p red icted  from  a seaw ater SO4' :  Cl 
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10. Diurnal fluctuation o f S04^ ^ | ~  ra tio  a t various depths. Cross hatching indicates dark periods.
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Fig. 11. Distribution of soluble ammonium, 
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Fig. 15. "in vitro" and "in vivo" absorption spectra 
of a 12-day Chlorobium enrichment from 6.0 m, 7/15/69. "In 
vitro" spectrum: 10 ml culture filtered with glass fiber
filter; filter extracted with 10 ml methanol; absorbance 
measured with 1.0 cm cuvette. "In vivo" spectrum: absor­
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Fig. 16. "In vitro" and "in vivo" absorption spectra 
of a 12-day Chromatium enrichment from 5.5 m, 7/15/69. "In 
vitro" spectrum: 10 ml culture filtered with glass fiber
filter; filter extracted with 10 ml methanol; absorbance 
measured with 1.0 cm cuvette. "In vivo" spectrum: absor­
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Fig. 17. "In vitro" and "in vivo" absorption spectra 
of water samples from 5.5 m on 8/14/69 and 8/15/69, res­
pectively. "In vitro" spectrum: 100 ml water sample fil­
tered with glass fiber filter; filter extracted with 10 ml 
methanol; absorbance measured with 1.0 cm cuvette. "In 
vivo" spectrum: absorbance of water sample measured with
5.0 cm cuvette.
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Fig. 18. Light-dark and dark productivity, mea­
sured using NaHC^O^, at various depths on 7/29/68, 































Fig. 19. Oxidation of S35-sulfide in 24 hr in water 
samples collected from 1.5, 5.0, and 6.0 m on 7/5/69. Incu­



















































Fig. 20. Oxidation of S -sulfide in 24 hr in v;ater 
samples collected from 5.0 m on 3/15/69. Incubation in the 

























Fig. 21. Oxidation of S-^-sulfide v/ith added T. 
thioparus cells in water samples collected from 6.2 m on 
11/8/69. 0, 10^, 10Zi, and 10^ cells/100 ml of a pure
culture were added to samples prior to incubation in the 
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Fig. 22. Oxidation of S35-sulfide with a pure 
culture of T. thioparus in Basal Medium plus 1.0 ppm 
sulfide. 0, 102 , 10^, 10^, and 103 cells/100 ml of a 
pure culture were added to sterile medium prior to incu­
bation in the dark at 20 C in the presence and absence of 
formalin.
I
O  0 102 lo2 104 104
•tt «. *•













Abel,E. 1956. Autooxidation in the sulfur group. Monatshefte 
Chem. 87_:498-502.
Adair, F. W. and K. Gundersen. 1969a. Chernoautotrophic sulfur 
bacteria in the marine environment. I. Isolation, 
cultivation, and distribution. Can. J. Microbiol. 15: 
345-353.
Adair, F. W. and K. Gundersen. 1969b. Chernoautotrophic sulfur 
bacteria in the marine environment. II. Characteriza­
tion of an obligately marine facultative autotroph. Can.
J. Microbiol. 15:355-359.
Alexander, M. 1965. Introduction to soil microbiology.
Wiley, New York. 472 p.
American Public Health Association. 1965. Standard methods 
for the examination of water and waste water. 12th ed.
New York. 626 p.
Anagnostidis, K. and J. Overbeck. 1966. Methanoxydierer una
hypolimnische Schwefelbakterien. Studien zur okologischen 
Bioconotik der Gewassermikroorganismen. Ber. Deut.
Botan. Ges. 79_:163-174 .
Avrahami, M. and R. M. Golding. 1968. The oxidation of the 
sulfide ion at very low concentrations in aqueous solu­
tions. J. Chem. Soc., A, 1968:647-651.
Baalsrud, K. and K. S. Baalsrud. 1954. Studies on Thiobacillus 
denitrif icans. Arch. Mikrobiol. 20_:34-62.
Baas Becking, L. M. G. 1925. Studies on the sulfur bacteria. 
Ann. Bot. 39:613-650.
Baas Becking, L. 14. G. 1956. Biological processes in the 
estuarine environment. VI. The state of the iron in 
the estuarine mud iron sulfides. Koninkl. Ned. Akad. 
Wetensch. Amsterdam, B, 59:181-189.
Baas Becking, L. M. G. and I. R. Kaplan. 1956a. Biological 
processes in the estuarine environment. III. Electro­
chemical considerations regarding the sulfur cycle.
Koninkl. Ned. Akad. Wetensch. Amsterdam, B, 59:85-96.
Baas Becking, L. M. G. and I. R. Kaplan. 1956b. Biological 
processes in the estuarine environment. IV. Attempts 
at interpretation of observed Eh-pH relations of various 
members of the sulfur cycle. Koninkl. Ned. Akad. Wetensch. 
Amsterdam, B, 59:97-108.
325
Baas Becking, L. M. G. , I. R. Kaplan, and D. Moore. 1960. 
Limits of the natural environment in terms of pH and 
oxidation-reduction potentials. J. Geol. 68:243-234.
Baas Decking, L. M. G. and E. J. F. Wood. 1955. Biological
processes in the estuarine environment. I., II. Ecology 
of the sulfur cycle. Koninkl. Ned. Akad. Wetensch. 
Amsterdam, B, 58:160-181.
Bardsley, C. E. and J. D. Lancaster. 1965. Sulfur, p. 1102- 
1116. In C. A. Black, (ed.), Methods of soil analysis. 
Part 2. Chemical and microbiological properties. Amer. 
Soc. Agr., Madison, Wisconsin.
Bendschneider, K. and R. J. Robinson. 1952. A new spectro- 
photometric method for the determination of nitrite in 
sea water. J. Mar. Res. 11:87-96.
Berner, R. A. 1964a. Distribution and diagenesis of sulfur
in some sediments from the Gulf of California. Mar.
Geol. 1:117-140.
Berner, R. A. 1964b. Iron sulfides formed from aqueous solu­
tion at low temperatures and atmospheric pressure. J. 
Geol. 72:293-306.
Birge, E. A. and C. Juday. 1934. Particulate and dissolved 
organic matter in inland waters. Ecol. Monographs. 4_: 
440-474.
Black, H. H. 1960. The pulp and paper mill waste problem, 
p. 253-255, In Biological problems in water pollution.
U. S. Dept. H. E. W . , P. H. S., Robert A. Taft San. Eng. 
Cent. Tech. Rep. W60-3.
Borchert, H. 1965. Formation of marine sedimentary iron 
ores. p. 159-204. In J. P. Riley and G. Skirrow,
(ed.), Chemical oceanography. II. Academic Press, 
London.
Borichewski, R. M. and W. W. Umbreit. 1967. Growth of
Thiobacillus thiooxidans on glucose. Arch. Biochem. 
Biophys . IT6 :"97-I'Q2 .
Bov/den, K. F. 1965. Currents and mixing in the ocean. p.
43-72. In J. P. Riley and G. Skirrow, (ed.), Chemical 
oceanography. I. Academic Press, London.
Breed, R. S., E. G. D. Murray, and N. R. Smith. 1957. Bergey's 
manual of determinative bacteriology. 7th ed. Williams 
and Wilkins, Baltimore. 1094 p.
326
Brock, T. D. 1966. Principles of microbial ecology. Prentice
Hall, Englewood Cliffs, N. J. 306 p.
Brown, A. H., E. W. Fager, and H. Gaffron. 1948. Assimila­
tion of tracer carbon in the alga Scenedesmus. Arch.
Biochem. 19:407-428 .
Bulfer, G., A. J. Boyle, and L. H. Baldinger. 1936. The
decomposition of solutions of sodium sulfide. J. Amer. 
Pharm. Assoc, 25:1104-1106 .
Burns, G. R. 1967. Oxidation of sulphur in soil. Sulphur
Inst. Tech. Bull. 13. Washington, D. C. 41 p.
Burton, S. D. and R. Y. Morita. 1964. Effect of catalase 
and cultural conditions on growth of Beggiatoa. J. 
Bacteriol. 88^:1755-1761.
Butlin, K. R. 1953. The bacterial sulfur cycle. Research.
6_: 184-191.
Butlin, K. R., M. E. Adams, and M. Thomas. 1947. The isola­
tion and cultivation of sulfate reducing bacteria. J.
Gen. Microbiol. 3_: 46-59 .
Butlin, K. R. and J. R. Postgate. 1954. The microbiological 
formation of sulfur in Cyrenaican lakes, p. 112-122.
In J. L. Cloudsley-Thompson, (ed.), Biology of Deserts. 
Inst. Biol., London.
Campbell, L. L. and J. R. Postgate. 1965. Classification
of the spore-forming sulfate reducing bacteria. Bacteriol. 
Rev. 29:359-363.
Caspers, H. 1957. Black Sea and Sea of Azov. p. 801-890.
In J. V.7. Hedgepeth, (ed.), Treastise on marine ecology 
and paleoecology. I. Geol. Soc. Amer. Mem. 67. 
Washington, D. C.
Clayton, R. K. 196 3. Absorption spectra of photosynthetic 
bacteria and their chlorophylls. p. 495-500. In H.
Gest, A. San Pietro, and L. P. Vernon, (ed.), Bacuerial 
photosynthesis. Antioch Press, Yellow Springs, Ohio.
Cline, J. D. and F. A. Richards. 1969. Oxygenation of hydro­
gen sulfide in sea water at constant salinity, temperature 
and pH. Envir. Sci. Technol. 3^: 838-843.
Cohen-Bazire, G., N. Pfennig, and R. Kunisawa. 1964. The 
fine structure of green bacteria. J. Cell Biol. 22: 
207-225.
327
Davis, J. B. 1967. Petroleum microbiology. Amer. Elsevier, 
New York. 604 p.
DeBoer, W. E. , J. W. M. LaRiviere, and A. L. Ilouwink. 1961. 
Observations on the morphology of Thiovulum majus 
Hinze. Ant. v Leeuwenhoek. 27 :447-456'.
Deevey, E. S., Jr. 1948. On the date of the last rise of sea
level in southern New England, with remarks on the
Grassy Island site. Amer, J. Sci. 246:329-352.
Deevey, E. S., Jr. and N. Nakai. 1962. Fractionation of
sulfur isotopes in lake waters. p. 169-178. In
11. L. Jensen, (ed.), Biogeochemistry of sulfur isotopes. 
Yale Univ. Press, New Haven.
Deevey, E. S., Jr., N. Nakai, and M. Stuiver. 1963. Frac­
tionation of sulfur and carbon isotopes in a meromictic 
lake. Science. 130:407-408.
Eggleton, F. E. 1956. Limnology of a meromictic interglacial 
olunge-basin lake. Trans. Amer. Microscop. Soc. 75: 
334-378.
Egorova, A. A. and A. P. Deryugina. 1963. The spore-forming 
thermophilic thiobacterium, Thiobacillus thermophilica. 
Imschenetskii. Mikrobiol. 32:376-381.
Egounov, M. A. 189 8. Platten der roten und der Schwefel- 
bakterien. Centr. Bakteriol. II. 4:257-265.
Eldridge, E. F. 1960. Composition of sulfite waste liquor,
p. 255-256. In Biological Problems in Water Pollution. 
U. S. Dept. H. E. W., P. H. S., Robert A. Taft San. Eng. 
Cent. Tech. Rep. W60-3.
Ellis, D. 19 32. Sulphur bacteria. A Monograph. Longmans, 
Green and Co., New York. 261 p.
Elsden, S. R. 1962. Photosvnthetic and lithotrophic carbon
dioxide fixation. p. 1-40. In I. C. Gunsalus and R. Y. 
Stanier, (ed.), The bacteria. III. Academic Press.
New York.
Emery, X. 0. 1969. A coastal pond, studied by oceanographic 
methods. Amer. Elsevier, New York. 80 p.
Emery, K. O. and S. C. Rittenberg. 1952. Early diagenesis 
of California basin sediments in relation to origin of 
oil. Bull. Amer. Assoc. Petrol, Geol. 36:735-806.
323
Eriksson, E. 1961. The exchange of matter betv/een atmosphere 
and sea. p. 411-423. In M. Sears, (ed.), Oceanography. 
Amer. Assoc. Advanc. Sci., Public. No. 67. Washington,
D. C.
Faust, L. and R. S. Wolfe. 1961. Enrichment and cultivation 
of Beggiatoa alba. J. Bacteriol. 81:91-10 6.
Fleming, R. H. 1940. The composition of plankton and units 
for reporting populations and production. Proc. 6th 
Pacific Sci. Cong. 3_:535-540.
Fonselius, S. K. 19 63. Hydrogen sulfide basins and a stag­
nant period in the Baltic Sea. J. Geophys. Res. 68: 
4009-4016.
Fridovich, I. and P. Handler. 1956. Initial step in enzymatic 
sulfide oxidation. J. Biol. Chem. 223:321-325.
Galliher, E. W. 1933. The sulfur cycle in sediments. J.
Sed. Petrol. 3_: 51-63.
Genovese, S. 1963. The distribution of H 2 S in the Lake of 
Faro (Messina) with particular regard to the presence 
of "red water", p. 194-204. In C. H. Oppenheimer,
(ed.), Symposium on marine microbiology. C. C. Thomas 
Co., Springfield, 111.
Gleen, H. and J. H. Quastel. 1953. Sulphur metabolism in 
soil. Appl. Microbiol. 1:70-77.
Guittoneau, G. 19 27. Sur l'oxydation microbienne du soufre 
au cours de 1 1ammonisation. Compt. Rend. Acad. Sci. 
184:45-46.
Gunkel, W. and C. H. Oppenheimer. 196 3. Experiments regard­
ing the sulfide formation in sediments of the Texas 
gulf coast. p. 674-684. In C. H. Oppenheimer, (ed.), 
Symposium on marine microbiology. C. C. Thomas Co., 
Springfield, 111.
Harrington, A. A. and R. E. Kallio. 1960. Oxidation of 
methanol and formaldehyde by Pseudomonas methanica.
Can. J. Microbiol. 6_:l-7.
Harvey, H. W. 1963. The chemistry and fertility of sea 
water, 2nd ed. Cambridge Univ. Press, Cambridge, 
England. 240 p.
Heinberg, M . , I. Fridovich, and P. Handler. 1953. The
enzymatic oxidation of sulfite. J. Biol. Chem. 204: 
913-926.
329
Hempfling, W. P. and W. Vishniac. 1967. Yield coefficients 
of Thiobacillus neapolitanus in continuous culture.
J. Bacteriol. 93:874-878.
Hutchinson, G. E. 1957. A treastise on limnology. I. 
Geography, physics and chemistry. Wiley, New York.
1015 p.
Hutchinson, G. E. 1967. A treastise on limnology. II. 
Introduction to lake biology and the limnoplankton.
Wiley, New York. 1115 p.
Hutchinson, M., K. I. Johnstone, and D. White. 1965. The 
taxonomy of certain thiobacilli. J. Gen. Microbiol. 
41:357-366.
Hutchinson, M., K. I. Johnstone, and D. White. 1966.
Taxonomy of the acidophilic thiobacilli. J. Gen. 
Microbiol. 44:373-382.
Hutchinson, M . , K. I. Johnstone, and D. White. 1967.
Taxonomy of anaerobic thiobacilli. J. Gen. Microbiol. 
£7:17-24.
Ivanov, M. V. 1957. The role of microorganisms in the forma­
tion of sulfur deposits in hydrogen sulfide springs of 
Sergiev mineral waters. Mikrobiol. 26:342-343 .
Ivanov, M. V. 1959. Application of isotopes to the study of
the role of microorganisms in the formation of the 
sulfur deposits of Shor-Su. p. 235-240. In 
Applications of radioisotopes in microbiology. Trans, 
by Consultants Bur., New York.
Ivanov, M. V. 1968. Microbiological processes in the forma­
tion of sulfur deposits. Trans, by S. Nemchonok and
E. Rabinowitz. Israel Program for Sci. Translat., 
Jerusalem. 298 p.
Ivanov, M. V. and L. S. Terebkova. 1959a. Study of micro­
biological processes of hydrogen sulfide formation in 
Lake Solenoe. I. Mikrobiol. 28:235-240.
Ivanov, M. V. and L. S. Terebkova. 19 59b. Study of micro­
biological processes of hydrogen sulfide formation in 
Lake Solenoe. II. Mikrobiol. 28:387-391.
Iya, K. K. and M. Sreenivasaya. 1944. A preliminary study
of the bacterial flora associated with sulfur deposits
on the East coast (Masuliptam). Curr. Sci., Ind. Instr. 
Soc. 13:316-317.
330
Jannasch, H. W. and G. E. Jones. 1959. Bacterial populations 
in sea water as determined by different methods of 
enumeration. Limnol. Oceanog. £: 123-139 .
Jensen, A., 0. Aasmundrud, and K. E. Eimjhellen. 1964. 
Chlorophylls of photosynthetic bacteria. Biochim.
Biophys. Acta. 88:466-479.
Jensen, M. L. 1965. Sulfur isotopes in the marine environ­
ment. p. 131-148. In Marine geochemistry. Univ. R. I., 
Grad. Sch. Oceanog., Occas. Public. No. 3, Kingston, R. I.
Jones, G. E. 1968. p. 77-80. In C. H. Oppenheimer, (ed.),
Marine biology. IV. Unresolved problems in marine 
microbiology. New York Acad. Sci., New York.
Jones, G. E. and R. L. Starkey. 1957. Fractionation of
stable isotopes of sulfur by microorganisms and their 
role in deposition of native sulfur. Apol. Ziicrobiol.
5_: 111-118.
Jones, G. E., R. L. Starkey, H. W. Feely, and J. L. Kulp.
1956. Biological origin of native sulfur in salt domes 
of Texas and Louisiana. Science. 123:1124-1125.
Jones, G. E., W. H. Thomas, and F. T. Haxo. 195 8. Preliminary
studies of bacterial growth in relation to dark and 
light fixation of during productivity determina­
tions. U. S. Fish and Wildlife Serv., Spec. Sci. Rept.—
Fisheries No. 279. p. 79-86.
Junge, C. E. 1960. Sulfur in the atmosphere. J. Geophys.
Res. 65;227-237.
Kanwisher, J. W. 19 6 2.. Gas exchange of shallow marine sedi­
ments. p. 13-19. In The environmental chemistry of 
marine sediments. Univ. R. I., Grad. Sch. Oceanog.,
Occas. Public. No. 1, Kingston, R. I.
Kaplan, J. R., K. 0. Emery, and S. C. Rittenberg. 1963. The 
distribution and isotopic abundance of sulphur in 
recent marine sediments off southern California. Geochim. 
Cosmochim. Acta. 27:297-331.
Keller, P. 1969. The effect of some salts on Thiobacillus 
t'nioparus. Can. J. Microbiol. 15 :314-318 .
Kolkwitz, R. 1955. Uber die Schwefelbakterie Thioploca
ingrica Wislauch. Ber. Deut. Botan. Ges. 63:374-318.
Kondrat'eva, E. N. 1961. Green sulfur bacteria. Mikrobiol. 
30:301-313.
331
Kondrat' eva,- E. N. 1965. Photosynthetic bacteria. Trans, 
by J. Salkind. Israel Program for Sci. Translat., 
Jerusalem. 243 p.
Koyama, T. and K. Sugawara. 1953. Sulphur metabolism in 
bottom muds and related problems. J. Earth Sci.,
Nagoya Univ. 1_:24-34.
Krebs, H. A. 1929. Uber die Wirkung der Schwermetalle
auf die Autoxydation der Alkalisulfide und des Schewfel 
wasserstoffs. Biochem. A. 204:343-346.
Kriss, A. E. 1963. Marine Microbiology, deep sea. Inter­
science, New York. 536 p.
Kucera, S. and R. S. Wolfe. 1957. A selective enrichment 
method for Gallicnella ferruginea. J. Bacteriol. 74: 
344-349.
Kuznetsov, S. I. 1955. The use of radiocarbon dioxide (C-^) 
for the study of comparative values of photo- and 
chemosynthesis in lakes of various types. p. 132-14 3.
In A. A. Imshenetzkii, (ed.), Isotopes in microbiology. 
Trans, for U. S. Atomic Energy Commission, Washington,
D. C.
Kuznetsov, S. I. 1958. A study of the size of bacterial 
populations and of organic matter formation due to 
photo- and chemosynthesis in water bodies of different 
types. Internat. Assoc. Theoret. Appl. Limnol. Proc.
13_: 156-169 .
Kuznetsov, S. I. 1968. Recent studies on the role of micro­
organisms in the cycling of substances in lakes. Limnol. 
Oceanog. 13:211-224.
Kuznetsov, S. I., M. V. Ivanov and N. N. Lyalikova. 1963.
Introduction to geological microbiology. Trans, by P. T. 
Broneer. McGraw-Hill, New York. 252 p.
Kuznetsov, S. I. and G. A. Sokolova. 1960. Contributions to 
the ohvsiology of Thiobacillus thioparus. Mikrobiol.
29_: 170-176.
Lackey, J. B. 1960. Factors determining habitats of certain
sulfur bacteria. Flor. Acad. Sci., Quart. J. 23:215-221.
Lackey, J. B. and E. W. Lackey. 1961. The habitat and des­
cription of a new genus of sulphur bacterium. J. Gen. 
Microbiol. 26:29-39.
332
LaRiviere, J. W. M. 1963. Cultivation and properties of
Thiovulum majus Kinze. p. 61-72. 'In C. H. Oppenheimer,
(ed.), Symposium on marine microbiology. C. C. Thomas 
Co., Springfield, 111.
LaRiviere, J. W. M. 1965. Enrichment of colorless sulfur
bacteria. Zentr. Bakt., Suppl. 1., Anreicherungskulter 
und mutantenauslese. p. 17-27.
LaRiviere, J. W. M. 1966. The microbial sulfur cycle and
some of its implications for the geochemistry of sulfur 
isotopes. Geol. Rundschau. 55:568-582.
Larsen, II. 1952. On the culture and general physiology of 
the green sulfur bacteria. J. Bacteriol. 64:187-19 6.
Larsen, H. 1953. On the microbiology and biochemistry of 
the photosynthetic green sulfur bacteria. Kgs. Norske 
Videnskab. Selskabs, Skrifter. 1953:1-205.
Leathen, W., N. A. Kinsel, and S. A. Braley. Sr. 1956.
Ferrobacillus ferrooxidans: a chemosynthetic autotrophic 
bacterium. J. BacteriolT 72:700-704.
Lewis, G. J., Jr. and E. D. Goldberg. 1954. Iron in marine 
water. J. Mar. Res. 13:183-197.
Love, L. G. 19 57. Microorganisms and the presence of syn- 
genetic pyrite. Quart. J. Geol. Soc. London. 113: 
429-440.
Lyalikova, N. N. 1957. A study of the assimilation of free
carbon dioxide by purple sulfur bacteria in Lake Belovod. 
Mikrobiol. 2£: 97-103.
Lyman, J. and R. H. Fleming. 1940. Composition of sea water. 
J. Mar. Res. 3_: 123-146 .
Mackenthun, K. M. and W. M. Ingram. 1967. Biological
associated problems in freshwater environments. U. S. 
Dept. Interior, F.W.P.C.A., Washington, D. C. 237 p.
Macnamara, J. and H. G. Thode. 19 51. The distribution of 
sulfur 34 in nature and the origin of native sulfur 
deposits. Research. £:582-583.
Maier, S. and R. G. E. Murray. 1965. The fine structure of 
Thioploca ingrica and a comparison with Bcggiatoa. Can.
J. Microbiol. 11:582-583.
333
Maurice, M. J. 1957. A u.v. spectrophotometric determina­
tion of elemental sulphur. Anal. Chim. Acta. 16;574.
Mechalas, B. J. and S. C. Rittenberg. 1960. Energy coupling 
in Desulfovibrio desulfuricans. J. Bacteriol. 80: 
501-507.
Menzel, D. W. and R. F. Vaccaro. 1964. The measurement of 
dissolved organic and particulate carbon in sea water. 
Limnol. Oceanog. 9_: 138-142.
Morris, A. W. and J. P. Riley. 1963. Determination of nitrate 
in sea water. Anal. Chim. Acta. 29 : 272-279.
Murphy, J. and J. P. Riley. 1962. A modified single solu­
tion method for the determination of phosphate in 
natural waters. Anal. Chim. Acta. 27:31-36.
Neev, D. and K. O. Emery. 1967. The Dead Sea: Depositional
processes and environments of evaporites. Ministry of 
Development Geol. Surv., Bull. 41, Jerusalem. 147 p.
Newcombe, C. L. and J. V. Slater. 1950. Observations on
the conditions of existence of a green sulphur bacterium 
in Sodon Lake, southeastern Michigan. Trans. Amer. 
Microscop. Soc. 69 :172-178.
Nietzel, 0. A. and M. A. DeSesa. 1955. Spectrophotometric 
determination of tetrathionate. Anal. Chem. 27:
1839-1846.
Niskin, S. J. 1962. A water sampler for microbiological 
studies. Deep Sea Res. 501-503.
Nriagu, J. O. 1968. Sulfur metabolism and sedimentary
environment: Lake Mendota, Wisconsin. Limnol. Oceanog.
13_: 430-439 .
Ostlund, H. G. and J. Alexander. 1963. Oxidation rate of
sulfide in sea water, a preliminary study. J. Geophys. 
Res. 63;. 3995-3997.
Pachmavr, F. 1960. Vorkommen und Bestimmung von Schwefel- 
verbindungen in Mineralwasser. Thesis, Univ. Munchen.
48 p.
Parker, C. D. and J. Prisk. 1953. The oxidation of inorganic 
compounds of sulfur by various sulfur bncucrra. J. Gen. 
Microbiol. 11:160-174.
334
Peck, H. D., Jr. 1962. Symposium on metabolism of inorganic 
compounds. V. Comparative metabolism of inorganic 
sulfur compounds in microorganisms. Bacteriol. Rev. 
26:67-94.
Postgate, J. R. 1959. Sulfate reduction by bacteria. Ann.
Rev. Microbiol. 13:505-520.
Postgate, J. R. 1963. Versatile medium for the enumera­
tion of'sulfate-reducing bacteria. Appl. Microbiol.
11;265-267.
Postgate, J. R. 1968. Fringe biochemistry among microbes.
Roy. Soc. Proc. B. 171:67-76.
Postgate, J. R. and L. L. Campbell. 1966. Classification 
of Desulfovibrio species, the non-sporulating sulfate 
reducing bacteria. Bacteriol. Rev. 30:723-728.
Pramer, D. and E. L. Schmidt. 1965. Experimental soil 
microbiology. Burgess Co., Minneapolis. 107 p.
Pringsheim, E. G. 1949 . The relationships between bacteria 
and myxop’nyceae. Bacteriol. Rev. 13 :47-90 .
Pringsheim, E. G. and U. Kowallik. 1964. 1st Beggiatoa 
chemo-autotroph? Naturwiss. 51:492.
Quayle, J. R. 1961. Metabolism of C-^  compounds in autotrophic 
and heterotrophic microorganisms. Ann. Rev. Microbiol. 
15:119-152.
Raymont, J. E. G. 1963. Plankton and productivity in the 
oceans. MacMillan, New York. 660 p.
Redfield, A. C. 1958. The biological control of chemical 
factors in the environment. Amer. Sci. 46:201-225.
Richards, F. A. 1965. Anoxic basins and fjords. p. .611- 
645. In J. P. Riley and G. Skirrow, (ed.), Chemical 
oceanography. II. Acad. Press, London.
Richards, F. A. and B. B. Benson. 1961. Nitrogen/argon
and nitrogen isotope ratios in two anaerobic environ­
ments , the Caraico Trench in the Caribbean Sea and 
Dramsfjord, Norway. Deep Sea Res. 7_: 254-264 .
Richards, F. A., J. D. Cline, W. W. Broenkcw, and L. P. 
Atkinson. 1965. Some consequences of the decompo­
sition of organic matter in Lake Nitir.at a .-, anoxic 
fjord. Limnol. Oceanog. ' 10 (Suppl.) : R1S 3-::.d 01.
335
Richards, F. A. and R. A. Kletsch. 1964. The spectrophoto- 
metric determination of ammonia and amino compounds in 
fresh and sea water by oxidation to nitrite. Rec. Res. 
Fields Hydrosphere, Atmosphere, Nucl. Geochem. 1964: 
65-81.
Richards, F. A. and R. F. Vaccaro. 1956. The Cariaco Trench, 
an anaerobic basin in the Caribbean Sea. Deep Sea Res. 
3:214-228.
Rieman, W., J. D. Neuss, and B. Nairnan. 1951. Quantitative 
analysis. McGraw-Hill, New York. 523 p.
Rittenberg, S. C. 1969. The role of exogenous organic
matter in the physiology of chemolithotrophic bacteria, 
p. 159-196. In A. H. Rose and J. F. Wilkinson, (ed.), 
Advances in microbial physiology. III. Academic 
Press, New York.
Roberts, R. B., P. H. Abelson, D. B. Cowrie, S. T. Bolton, 
and R.- J. Britten. 1955. Studies of biosynthesis in 
Escherichia coli. Carnegie Inst., Public. 607, 
Washington, D. C. 521 p.
Rodina, A. G. 1963. Sulfur bacteria in the detritus of
lakes in the Ladoga district. Mikrobiol. 32:575-580.
Romanenko, V. I. 1963. Potential capacity of aquatic
microflora for heterotrophic assimilation of carbon 
dioxide and for chemosynthesis. Mikrobiol. 32:569-574.
Romanenko, V. I. 1964a. Potential capacity of the micro­
flora of sludge sediments for heterotrophic assimilation 
of carbon dioxide and for chemosynthesis. Mikrobiol. 
33:115-119.
Romanenko, V. I. 1964 b. Heterotrophic assimilation of CO 2  
by bacterial flora of water. Mikrobiol. 33:610-614.
Ruttner, F. 1966. Fundamentals of limnology. 3rd ed.
Trans, by D. G. Frey and F. E. J. Fry. Univ. Toronto 
Press, Toronto. 29 5 p.
Saelen, 0. H. 1967. Some features of the hydrography of
Norwegian fjords. p. 63-70. In_ G. H. Lauff, (ed.), 
Estuaries. Amer. Assoc. Advanc. Sci., Public. 83, 
Washington, D. C.
Salmanov, M. A. 1964. Efficiency of chemosynthesis in 
Knibyshev Resevoir water. Mikrobiol. 3_: -187-49 3 .
336
Schatz, A. and C. Bovell. 1952.. Growth and hydrogenase 
activity of a new bacterium, Hydrogenomonas facilis.
J. Bacteriol. 63:87-98.
Schoen, R. and G. G. Ehrlich. 1968. Bacterial origin of
sulfuric acid in sulfurous hot springs. 23rd Internat. 
Geol. Congr. 17:171-178.
Schuette, H. A. 1918. A biochemical study of the plankton 
at Lake Mendota. Trans. Wise. Acad. Sci. 19 :594-613.
Schuette, H. A. and FI. Adler. 1927. Notes on the chemical 
composition of some of the larger aquatic plants of 
Lake Mendota. II. Vallisneria and Potamogeton. Trans. 
Wise. Acad. Sci. 23 :249-254.
Scotten, IF. L. and J. L. Stokes. 1962. Isolation and pro­
perties of Beggiatoa. Arch. Mikrobiol. 42:353-368 .
Seki, H. 1967a. Effect of organic nutrients on dark assimila­
tion of carbon dioxide in the sea. Informat. Bull. 
Planktonol. Japan, Commem. Number of Dr. Matsue.
. p. 201-205.
Seki, H. 1967b. Effect of organic nutrients on dark assimila­
tion of carbon dioxide in the sea. II. Dark assimila­
tion of marine diatoms. Informat. Bull. Planktonol.
Japan. 14:22-25.
Singer, T. P. and E. B. Kearney. 1955. Enzymatic pathways 
in the degradation of sulfur-containing amino acids, 
p. 558-590. In W. D. McElroy and 3. Glass, (ed.),
Amino acid metabolism. Johns Hopkins Press, Baltimore.
Skerman, V. B. D. 1967. A guide to the identification of
the genera of bacteria, 2nd. ed. Williams and Wilkins, 
Baltimore. 303 p.
Skerman, V. B. D., G. Dementjeva, and B. J. Carey. 1957. 
Intracellular deposition of sulfur by Sphaerotilus 
natans. J. Bacteriol. 73:504-512.
Skerman, V. B. D., G. Dementjeva, and G. W. Skvring. 19 57.
Deposition of sulphur from hydrogen sulphide by bacteria 
and yeast. N-ture. 179:742.
Skopintsev, B. A., A. V. Karpov, and 0. A. Vershinina. 1964. 
Study of the dynamics of sulfur compounds ir. the Black 
Sea under experimental conditions. Soviet Oceanog. 
4:55-72.
Smith, L. L. 1940. A limnological investigation of a per­
manently stratified lake in the Huron Mountain region 
of northern Michigan. Papers. Mich. Acad. Sci. 26: 
281-296.
337
Society of American Bacteriologists, Committee on Bacteriological 
Technic. 1957. Manual of microbiological methods. 
McGraw-Hill, New York. 315 p.
Sokolova, G. A. 1960. Microbiological production of sulfur
from sulfide seam waters. Mikrobiol. 29:638-641.
Sokolova, G. A. and G. I. Karavaiko. 196 8. Physiology and
geochemical activity of thiobacilli. Trans, by Y.
Halpern and E. Rabinowitz. Israel Program Sci. Translat., 
Jerusalem. 283 p.
Soj^o, B. 1957. A colorimetric method for the determination 
of thiosulfate. Biochim. Biophys. Acta. 23:412-416.
Sorbo, B. 1960. On the mechanism of sulfide oxidation in
biological systems. Biochim. Biophys. Acta. 38:349-351.
Sorokin, Y. I. 1957a. Determination of the efficiency of
chemosynthesis during methane and hydrogen oxidation 
in water resevoirs. Mikrobiol. 26:11-15.
Sorokin, Y. I. 1957b. The role of chemosynthesis in the
formation of organic substances in water basins. I. 
Chemosynthesis in the water layer of the Rybinsk 
Resevoir in winter. Mikrobiol. 26:709-716.
Sorokin, Y. I. 1958a. The role of chemosynthesis in the
formation of organic substances in water basins. II.
Study of chemosynthesis in mud deposits with use of 
C-^ . Mikrobiol. 27:204-210 .
Sorokin, Y. I. 1953b. The role of chemosynthesis in the
formation of organic substances in water basins. III. 
Chemosynthetic productivity in the water mass during 
the summer period. Mikrobiol. 27:352-359.
Sorokin, Y. I. 1959. The role of chemosynthesis in the
formation of organic substances in water basins. IV.
Feeding aquatic invertebrates on methane and hydrogen- 
oxidizing autotrophic bacteria. Mikrobiol. 28:S56-860.
Sorokin, Y. I. 1962. Experimental investigation of bacterial
sulfate reduction in the Black Sea using S-'3 . Mikrobiol.
31_: 329-335.
Sorokin, Y. I. 1964a. On the primary production and bacterial
activities in the Balck Sea. J. Conscil. 29:41-60.
Sorokin, Y. I. 1964b. On the trophic role ef chemosynthesis
in water bodies. Internet. Rev. Ges. H-'drobiol. 49:
307-324.
338
Sorokin, Y. I. 1964c. Role of dark bacterial assimila­
tion of carbon ir. ponds. Mikrobiol. 33 :781-785 .
Sorokin, Y. I. 1965. Bacterial chemosynthesis in the Black
Sea. Izvest. Akad. Nauk S.S.S.R., Ser. Biol.
3_: 413-422.
Sorokin, Y. I. 19 68. Primary production and microbiological
processes in Lake Gek-Gel. Mikrobiol. 37:389-39 6.
Stanier, R. Y. and J. K. C. Smith. 1960. The chlorophylls
of green bacteria. Biochim. Biophys. Acta. 44:478-484.
Starkey, R. L. 1925. Concerning the physiology of Thiobacillus 
thlooxidans, an autotrophic bacterium oxidizing sulfur 
under acid conditions. J. Bacteriol. 10:135-163.
Starkey, R. L. 1964. Microbial transformations of some
organic sulfur compounds. p. 405-429 . In_ H. Hen’kelekian 
and N. C. Donaero, (ed.), Principles and applications 
in aquatic microbiology. VJiley, New York.
Steeman-Nielsen, E. 1952. The use of radioactive carbon
(Cl* ) for measuring organic production in the sea. J. 
Conseil. 18:117-129.
Steeman-Nielsen, E. 1955. The interaction of photosynthesis 
and respiration and its importance for the determination 
of C^ -4 discrimination in photosynthesis. Phvsiol. Plant. 
8:945-953.
Steeman-Nielsen, E. 1960. Dark fixation of CO? and measure­
ments of organic productivity, with remarks on chemo­
synthesis. Physiol. Plant. 13:348-357.
Strickland, J. D. H. 1960. Measuring the production of
marine phvtoplankton. Fish. Res. Bd. Can., Bull. 122, 
Ouuawa. 172 p.
Strickland, J. D. K. and T. R. Parsons. 1965. A manual of
sea water analysis. Fish. Res. Bd. Can., Bull. 125,
Ottawa. 20 3 p.
Strom, K. M. 1939. Land-locked waters and the deposition
of black muds. p. 356-372. In Recent marine sedi-
_ments. Amer. Assoc. Petrol. Geol., Tulsa, Oklahoma.
Suckow, R. and W. Schwartz. 1963. Redox conditions and 
precipitation of iron and copper in sulphureta. p.
137-19 3. In C. H. Oppenheimer, Symposium or. marine 
microbiology. C. C. Thomas Co., Springfield. 111.
Sugawara, K. , T. Koyama, end A. Kozawa. 1953 . Distribution
of various forms of sulphur in lake -, river -, and 
sea-muds. J. Earth Sci., Nagoya Univ.' 1_: 17-23.
339
Sugawara, K. , T.- Koyama, and A. Kozawa. 1954 . Distribution 
of various forms of sulphur in lake -, river -, and 
sea-muds. J. Earth Sci., Nagoya Univ. 2_:l-4.
Sverdrup, H. U., M. W. Johnson, and R. H. Fleming. 1942.
The oceans. Prentice-Hall, New York. 1087 p.
Takahashi, M. and S. Ichimura. 1968. Vertical distribution 
and organic matter production of photosynthetic sulfur 
bacteria in Japanese lakes. Limnol. Oceanog. 13;644-655.
Tilton, R. C . , A. B. Cobet, and G. E. Jones. 1967. Narine 
thiobacilli. I. Isolation and distribution. Can. J. 
Microbiol. 13:1521-1528.
Tilton, R. C., G. J. Stewart, and G. E. Jones. 1967.
Marine thiobacilli. II. Culture and ultrastructure.
Can. J. Microbiol. 13:1529-1534.
Trautwein, K. 1924. Die Physiologie und Korphologie der 
facultativ autotrophen Thionsaurebakterien. Zentr.
Bakt. II. 53:513-548.
Trudinger, P. A. 1967. Metabolism of thiosulfate and
tetrathionate by heterotrophic bacteria from soil. J. 
Bacteriol. 93:550-559.
Trudinger, P. A. 1969. Assimilatory and dissimilatory 
metabolism of inorganic sulphur compounds by micro­
organisms. p. 111-158. In A. H. Rose and J. F. 
Wilkinson, (ed.), Advances in microbial physiology,
III. Academic Press, New York.
Triiper, K. G. and S. Genovese. 196 8 . Characterization of 
photosvnthetic sulfur bacteria causing red water in 
Lake Faro (Messina, Sicily). Limnol. Oceanog. 13: 
225-232.
Triiper, H. G. , J. J. Kelleher, and H. W. Jannasch. 1969 . 
Isolation and characterization of sulfate-reducing 
bacteria from various marine environments. Arch.
Mikrobiol. 65:208-217.
Triiper, II. G. and II. G. Schlegel. 19 64 . Sulphur metabolism 
in Thiorhodaceae. I. Quantitative measurements on 
growing cells of Chromatium okenii. Ant. van Leeuwenhoek. 
3_0_: 225-238.
Triiper, H. G. and C. S. Yentsch. 1967 . Use of glass fiber 
filters for the rapid preparation of "in vivo" 
absorption spectra of photosvnthetic bacteria. J. 
Bacteriol. 94:1255-1256.
340
Unz, R. F. and D. G. Lundgren. 1961. A comparative
nutritional study of three chemoautotrophic bacteria:
■ Ferrobacillus ferrooxidans, Thiobacillus ferrooxidans, and 
'i'hxobacillus ~thiooxid'ans . Soil S'c'i". 1TZ: 3"CT2"-31"3i
Vallentvne> J. R. 1957. Principles of modern limnology.
Amer. Sci. 45:218-244.
Vallentyne, J. R. 1963. Isolation of pyrite spherules from 
recent sediments. Limnol. Oceanog. 3_: 16-30.
Van Gemerden, H. 1967. On the bacterial sulfur cycle of 
inland waters. Thesis. Univ. Leiden. 110 p.
Van Niel, C. B. 19 31. On the morphology and physiology of 
the purple and green sulfur bacteria. Arch. Mikrobiol. 
3:1-112“
Van Niel, 19 41. The bacterial photosynthesis and
their importance fo r the general problem of photosyn­
thesis. Adv. Enzymol. 263-323.
Vinogradov, A. P. 1953. The elementary chemical composi­
tion of marine organisms. Trans, by J. Efron and 
J. K. Setlow. Sears Found. Mar. Res., Yale Univ.,
New Haven. 64 5 p.
Vishniac, W. and M. Santer. 1957. The thiobacilli.
Bacteriol. Rev. 21:195-213.
Vishniac, W. and P. A. Trudinger. 196 2. Symposium on
autotrophy. V. Carbon dioxide fixation and substrate 
oxidation in the chemosynthetic sulfur and hydrogen 
bacteria. Bacteriol. Rev.. 26:168-175.
Walsh, G. E. 1965a. Studies on dissolved carbohydrate in
Cape Cod waters. I. General survey. Limnol. Oceanog.
10_: 570-576 .
Walsh, G. E. 1965b. Studies on dissolved carbohydrate in 
Cape Cod waters. II. Diurnal fluctuation in Oyster 
Pond. Limnol. Oceanog. 10:577-582.
Walsh, G. E. 1966. Studies on dissolved carbohydrate in 
Cape Cod waters. III. Seasonal variation in Oyster 
Pond and Wequaquet Lake, Massachusetts. Limnol.
Oceanog. 11:249-258.
Wheatland, A. 3. 1954. Factors affecting the formation
and oxidation of sulfides in a polluted estuary. J.
Hyg., Cambridge. 52:194-210.
341
Wieringa, K. T. 1966. Solid media with elemental sulphur 
for detection of sulphur oxidizing microbes. Ant. van 
Leeuwenhoek. 32:183-186.
Winogradsky, S. 1889. Recherches phvsiologiques sur les 
sulfobacteries. Ann. Inst. Pasteur. ' 3_:49-60.
Wolfe, R. S. 1958. Cultivation, morphology, and classifi­
cation of the iron bacteria. J. Amer. Water Works 
Assoc. 50:1241-1249.
Wood, E. J. F. 1965. Marine microbial ecology. Reinhold, 
New York. 243 p.
Wood, II. G. and R. L. Stjernholm. 1962 . Assimilation of
carbon dioxide by heterotrophic organisms. p. 41-117.
In I. C. Gunsalus and R. Y. Stanier, (ed.), The 
bacteria. III. Academic Press, New York.
Yoshimura, S. 1932. Vertical distribution of the amount 
of sulphate dissolved in the water of Lakes Suigetsu 
and Hiruga with reference to the origin of hydrogen 
sulohide in their bottom water. Geophys. Mag., Tokyo.
6_: 315-321.
Zajic, J. E. 1969. Microbial biogeochemistry. Academic 
Press, New York. 345 p.
Zenkevich, L. A. 1963. Biology of the seas of the U.S.S.R. 
Trans, by S. Botcharskaya. Interscience, New York.
955 p.
Zharova, T. V. 1964. Carbon dioxide assimilation by hetero­
trophic bacteria and its significance in the assay of 
chemosynthesis in resevoirs. Mikrobiol. 32:717-722.
ZoBell, C. E. 1946. Marine microbiology. Chronica Botanica, 
Waltham, Mass. 240 p.
ZoBell, C. E. and S. C. Rittenberg. 194 8. Sulfate reducing
bacteria in marine sediments. J. Mar. Res. 7:602-617.
